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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be convert-

ed to metric (SI) units as follows:

To Obtain

Multiply by
Angstroms 0.0000001 (10~7 millimetres
inches 2.54 centimetres
feet 0.3048 metres
miles (U.S. Statute) 1.609344 kilometres
square inches 0.00064516 square metres
square feet 0.09290304 square metres
cubic feet 0.02831685 cubic metres
¢ubic yards 0.7645549 cubic metres
grams 0.001 kilograms
_pounds (mass) 0.4535924 'kilograms
tons (2000 pounds) 907.1847 kilograms
pounds (mass) per cubic 16.01846 kilograms per
foét cubic metre
pounds (mass) per cubic 0.59327631 kilograms per
yard cubic metre
pounds (force) 4 .448222 newtons
pounds (force) per 6894.757 pascals
square inch
pounds (force) per 4.882428 kilograms per
square fodt square metre
miles per hour 1.609344 kilometres per
hour
degrees (angle) 0.01745329 radians
Fahrenheit degrees 5/9 Celsius degrees or

- . 3
Kelvins

* To obtain Celsius (c) temperature readings from Fahrenheit (f) read-

ings, use the following formula:
Relvin (K) readings, use:

C = (5/9)(F - 32). To obtain

K= (5/9)(F - 32) + 273.15.
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CHAPTER I - INTRODUCTION

In order to advance the state of knowledge on the behavior of piles
and pile groups in cohesionless soils, an extensive review of the
literature has been made. The study was limited to data on instrument-
ed piles, ﬁammer driven and load tested vertically. The resulting data
base was analyzed to determine the load transfer characteristics of the
soil, including the effects of residual driving stresses where the data
was sufficient,.

The problem of residual driving stresses has been analyzed in detail
to determine their importance in the reduction of load test data, in
the formulation of pile capacity design methods and in the load-settle-
ment behavior of piles. The results of the load transfer analysis were
then correlated with the available soil data to obtain a predictive
method which considers residual driving stresses. The results of this
method as well as conventional and new in situ tests methods were then
compared to actual load test results. Areas of critical need for
further research are pointed out and recommendations are made for their

implementation.
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CHAPTER II - PILE LOAD TESTS SELECTED
LOAD TESTS AND INSTRUMENTATION

This study was restricted to vertical pile load tests on instru-
mented piles hammer driven in sand. A review of the literature
revealed 10 sites with a total of 33 instrumented piles. Details of
the piles and soil data available at the sites are presented in Table
1. |

The width of pile given in Table 1 is corrected for modifications to
the pile for instrumentation. For example, Arkansas pile 1 is a 12.75-
in. (32.4 cm) diameter pipe pile. However, two 4-in. (10.2 cm) wide
channels were welded to the outside of the pile to protect the instru-
mentation, increasing the effective diameter of the pile to 14.4 in.
(36.6 cm). For non-circular piles the diameter given is that of a
circle with the same cross-sectional area as the pile. The assumption
was made that H-piles fail along the rectangular cross section enclos-
ing the pile. The equivalent diameter was then computed as for other
non-¢ircular piles. This diameter was used in all analyses presented
later, .

The piles were all instrumented with strain gages, strain rods, or
both (Fig. 1). The strain rods measure the movement of the pile at
certain levels or stations along the pile with respect to the top of
the pile. Loads are then obtained indirectly at midpoints between two
strain rods using the formula:

(Wi —wi+l> AEp (1)

Q = @ e e e s e e s s e e e e

AL

where Q is the load in the pile, wj is the movement at station i, A

is the pile cross-sectional area, E_ is the modulus of elasticity of

P
the pile, and AL is the distance between the two stations. When strain
gages are used to instrument the pile, the load is found at the strain

gage level by:
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wherexs is the measured strain
FAILURE CRITERIA

Vertical load tests in sand rarely reach a plunging load where a
large increase in settlement occurs for a small increase in load.
Thus, various criteria have been proposed to define the failure load.
The main reason for defining a failure load is for the purpose of
formulating a design procedure or verifying an existing method. Any
comparison of a predictive method to load test results should be based
upon the failure criterion used to develop the method, otherwise
incorrect conclusions will be made concerning the method.

Three failure criteria have been used on the selected tests, The
first criterion selected was Davisson's criterion (14) which is the

load corresponding to a settlement of the pile top, S, of

where P is the defined failure load, L is the pile length, C is a
constant, and D is the pile tip diameter in inches.

The first term is the elastic compression of the pile under the
defined failure load. The second term is a constant to account for the
amount of displacement necessary to mobilize the skin friction and was
taken to be 0.15 in. (0.38cm) as recommended by Davisson (14). The
third term is to account for the amount of displacement needed to
mobilize the point resistance.

The second criterion selected was the load corresponding to a
settlement of one-tenth of the pile diameter (0.1 x D). An example
showing the use of the two failure criteria is given in Fig. 2.

0f the 35 selected pile load tests the load-settlement curve had to

be extrapolated to obtain results in 3 cases for Davisson's criterion
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Settlement, in.

Load, tons

0 %O lOp 1?0 290
0]
Davisson's failure criterion.,//(
1.0}
0.1 xD criterion‘j;7\
2.0
0 L = 20.1 ft
D =18 in.
E= 30 x 10 si
AP= 27.49 in.2
PL D _ PL .
AEP+ 0.15 + -]:—2'—0- = XE -+ 0.30 in.
3.0 P
OGEECHEE RIVER PILE NO. H-12
v

FIG. 2.- Example of Davisson and 0.1xD Failure Criteria
(1 in. = 2.54 cm; 1 ft = 0.305 m; 1 ton = 8.9 kN;
1 psi = 6.89 kPa)
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and in 13 cases for the 0.1 x D criterion. In one case the

load settlement curve could not be extrapolated with confidence to a
settlement of 0.1 x D. The 0.1 x D criterion consistently gave
ultimate loads higher than the Davisson criterion. The average
difference was 237 with a maximum difference of over 100%. ‘This
emphasizes the importance of using the same failure criterion when
analyzing a prediction method as was used to develop the method.

The third failure criterion was developed in an attempt to provide a
uniform method for extrapolating the load test results to an ultimate
load. The criterion requires instrumented pile load tests and consists
of first performing a load transfer aﬁalysis to obtain the unit side
friction versus pile movement (f-w) and unit point bearing pressure
versus point movement (q-w) curves. A hyperbola is then fitted to
these curves to obtain the asymptote for both the friction and the
point bearing pressure. These values are then used to compute the
ultimate pile capacity. The details of the load transfer analysis and
curve fitting are.given in Chapter III. This criterion generally
resulted in higher values than the other two failure criteria. The
only cases where this criterion yielded lower loads was when
extrapolation of the load-settlement curve was required. This
indicates that the extrapolation of the load test results by eye may
overpredict the peak capacity. Table 2 gives a comparison of the
failure loads determined by the three criteria along with the ultimate
load applied during the load test.

Davisson's criterion yields a conservative estimate of the ultimate
load for piles in sand due to the large settlements required to mobi-
lize the point bearing. A combination of Davisson's criterion with the
0.1xD criterion would seem to provide a satisfactory failure criterionm.
The ultimate load would then be defined as the load corresponding to a

top settlement of:

PL

S = aE
p

F 001D v ot e e e e e e e e e e e e e e e e e s WD

This would provide enough point movement to mobilize the tip bearing



TABLE 2.- Ultimate Loads by Various Failure Criteria

MEXIMUM
ULTIMATE LOAD APPLIZED
SITE SOIL DESCRIFTION PILE DAVISSON {0.1xD {HYPERBOLI LOAD
ton ton ton Lon
Arkansas 0-30 f¢t fine sand, 3P 1 161 1728 216 172
River telow 30 £t {ine sand with 2 207 242 322 253
silt and clay, 3 230 2728 264 259
5P-SM 3 132 1832 287 183
7 189 243 297 285
9 222 250° 2638 25C
10 200 2yz2® 283 230
15 154 1752 148 187
Low 5111 0-50 £t silt 1 358 3908 346 358
Structure belew 50 ft fine and medium 2 338 420* 377 372
sand 3 185 240 255 240
Y se02 4402 402 31
5 1335 145 158 145
6 3652 | a3c® 378 345
Ogeechee 0-12 ft silty sand H=11 35 T 134 165
River . below 12 ft ine and H-12 173 232 245 238
medium sand, He13 205 297 328 315
SW=SP H-14 290 347 418 150
g-15 350 421 545 430
Lock and 0-80 ft coarse sand, SP 3IP- 1602 b 173 150
Dam 26 w/ cobble layer IIIs
(1972) at 58 ft
below 80 ft limestone
West 0-78 £t fine to medium 4 525 525 6G8 535
Seattle sand with silt
reeway . and clay lenses B 450 450 532 450
Bridge below 78 ft interbedded clayey
sandy silt and
silty fine sand
Tavenas 0~16 £t loose crushed stonej J5 120 163 177 163
below 16 ft medium to fine HS 109 150 171 180
uniform sand, SP
Gregersen 0~5.6 ft sand A 24.3 27 28.4 30
5.6-9.8 £t fine sand, SP D/4 44,9 51 <} 52
below 9.8 ft medium to coarse c 26.4 30 29.5 31
sand, SP B/C 42.7 48 <] 52
Corpus 0-8 ft fine sand, SP Initial 108 1502 217 134
Christi below 8 ft fine silty sand, Final 135 1382 213 187
SP and SM
Sellgren , 0=12 £t silt AL 58 78 107 30
below 12 ft fine sand AIX 129 143 189 158
Lock and ine to coarse
Dam 26 sand with trace M6 75 35 19 110
(1978) gravel
Average 192 228 264 222

3 toad-gsettlement curve had to be extrapolated to
Load-settlement curve could not be extrapolated

to obtain value
¢ Not enough data available for regression
Note: 1 ton = 8.9 k¥N; 1 ft

0.305 o

obtain value
with confidence

10
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and would also include the elastic compression of the pile. The second

term has been omitted because the movement needed to mobilize the

friction is very small compared to that necessary to mobilize the point

reaction. Thus, if the point moves 0.1 x D the friction will be fully
mobilized. This criterion was not applied in this study since this
would require even further extrapolation of the load-settlement curves.
It is recommended, however, that future pile load tests in sand be
carried to this amount of settlement to insure that a value close to a

plunging load is obtained.

11
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CHAPTER III - CONVENTIONAL LOAD TRANSFER ANALYSIS
INCREMENTAL METHOD

The incremental method of load transfer analysis allows one to
obtain unit side friction versus pile movement (f-w) curves at various
stations along a pile and the unit tip bearing versus tip ﬁovement
(q-w) curve. This analysis requires the measurement of load and
movement at the top of the pile and of load at various stations along
the pile. The procedure has been detailed by Coyle and Reese (13) and
is outlined here. Fig. 3 shows a pile divided into three segments,
each of which is divided into two equal parts. The load in the pile
has been measured at stations 2 and 4 and at the pile tip.n The average
side friction, f, in a segment is found by subtracting the load at the
bottom of the segment from the load at the top and dividing by the
circumferential area as follows:

Q17044

f: = N D
1 —
™y (25417251

where Qi is the load at station i, D, is the pile outside diameter,
and z; is the debth to station i. The movements at the midpoints of
the segments are found beginning from the known movement at the top of
the pile and subtracting the elastic compression of the piie segments,
The general equation for the movement of the pile at any station, wj,
is:
FQ_ +0) (2 -z, )
Wi o= w. . - 2 "i-1 i” i+l i-1 L (9)
1~-1 AEP

From this analysis are obtained the unit side friction versus movement
curves. The unit tip bearing is obtained by dividing the tip load by
the tip area. The tip movement is obtained in the same manner as the

movament at the other stations.

12
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AVERAGE METHOD

A second method of load transfer analysis is the average method.

The analysis is carried out in the same way as the incremental analysis
but considers the pile as only one segment. This results in only one
average f-w curve and the q-w curve. This method has the advantage of
being simple and requires less pile instrumentation than the increment-
al analysis. This method may also be applied to an uninstrumented pile
if it is loaded in both compression and tension, the assumption being
made that the friction is the same in both compression and tension.
Thus, the data base for this method may be much larger than that for
the incremental method.

Most of the piles selected did not have the load measured directly
at the pile tip. For these piles the tip load was found by linear
extrapolation from the last two load measurements. This extrapolation
had the restrictions that the load could not be negative or higher than

the last load measured,
ANALYSIS

Both of the methods of analysis are readily adapted to computer
solution. A computer program was written and used to analyze all the
piles in this study. After the load transfer analysis was performed
the following plots were made:

1. Side friction versus depth for each load step (f-z),

2. Ratio of point load to total load versus total load,

3. Unit side friction versus pile movement (f-w),

4. Tip load versus tip movement (g-w),

5. Ratio of side friction to maximum side friction versus
pile movement (f/fmax-w), and

6. Ratio of side friction to maximum friction versus the
ratio of pile movement to pile radius (£/f ~W/R).

Fig. 4 shows a plot of load versus depth (Q-z) for Arkansas pile 1.
A complete set of plots of the results of the incremental analysis are
shown in Figs. 5 through 10. The side friction is directly proportion-

al to the slope of the Q-z curve. As a result, the side friction is

14
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very sensitive to error in the measurements and therefore showed some
very erratic results. At some levels the friction decreases with
increasing movement and for some piles, becomes negative at large
loads. Fig. 11 compares the results of the incremental and average
methods for the Ogeechee River site piles. These were actually one
pile tested at five different embedment depths. The incremental analy-
sis yielded a wide range of results. For example, at a depth of 10 ft
the incremental analysis gave friction values ranging from 0.2 tsf to
1.0 tsf (19.2 kPa to 95.8 kPa). The results of the average analysis on
the other hand show a definite trend of increasing friction with

depth.

The results from the incremental analysis may be improved by fitting
a smooth curve through the data points. This process should take into
account the reliability of the instrumentation at each level. This
process also includes some judgement which may vary between individ-
uals. Since the published data was insufficient to determine the reli-
ability of the instrumentation, and in order to avoid judgements which
may be questionable, the actual data points were used in the incremen-
tal analysis. The results were too scattered for eorrelation and the
results of the average analysis were used in correlations with soil
parameters. For comparison, the complete set of plots for the average
analaysis of Arkansas pile 1 is shown in Figs. 12 through 17.

Another problem encountered in both methods of analysis is shown in
Fig. 15. At the low load steps the computed movement of the pile tip
is negative, indicating that the pile tip is moving up. This may be
due to several things: incorrect pile modulus, incorrect pile cross-
sectional area, or incorrect measurement of the pile top movements due
to movement of the reference beam. The pile moduli and cross-sectional
area used in this study were those reported in the literature and are
felt to be accurate for the purpose of computing movements. These
values would need to be in error by a factor of two or more to create
the error observed in the computed pile movements. The error may then
be attributed to measurement error. In order to correct for this the

f-w and g-w curves were extrapolated back to zero f or q. The axes
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were then recentered at this point for further analysis as shown in

Fig. 15.
HYPERBOLIC REGRESSION
The hyperbolic model for soil response has been proposed and used

with success by various writers (22). The equation of the f-w and q-w

curves for the hyperbolic model are

w
£ = ;£_+ - S 2
K f + £
T max res
and q'=l Ww C e e e e e e e e e e e e e e . (8)
' K "q__-4q
P max res

where K. is the initial tangent modulus of the f-w curve, K, is the

P

initial tangent modulus for the q-w curve, f + £ is
max res

the hyperbolic asymptote of the fow curve, and (qmax - qres).

is asymptotic of the q-w curve. These initial tangent moduli and the
asymptote values may be obtained by plotting w/f or w/q versus w and
performing a linear regression through these points. The y-intercept
of these lines are then the initial tangent moduli and the slopes of
these lines are the asymptotic values. The regression for the f-w
curve of Arkansas pile 1 is shown in Fig. 18. When the pile was
instrumented with both strain gages and strain rods the analyses were
performed separately and then combined to obtain average values. The
parameters for the load transfer curves for all the piles are given in
Table 3. The values of point load, side friction load, and total load,

using these parameters are shown in Table 4.
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TABLE 3.- Parameters from Hyperbolic Regression

. . fnax*fres X Imax~9res Kp
Site Pile
(tsf) (tsf/in.) (tsf) (tsf/in.)
Arkansas 1 0.690 72.07 69.4 1506.3
2 0.752 10.84 76.6 462.5
3 0.553 17.57 47.1 534.6
6P 1.174 3.05 25.9 63.4
72 1.067 3.86 26.1 212.1
9 1.004 4,89 12.6 35.4
10 0.692 21.47 62.4 174.6
16 0.471 28.74 22.4 1201.1
Low Sill 1b 0.624 20.70 79.5 1609.0
2 0.794 22.67 38.2 490.6
3P 0.380 10.18 93.9 209.9
4 1.032 34.47 6l.5 832.7
5 0.699 20.64 10.5 95.2
6 0.872 43.96 49.2 1250.6
Ogeechee H-11 0.345 12.26 66.7 52.3
River H-12 0.636 6.75 "104.5 659.6
H~13 0.646 5.91 135.2 597.0
H-14 1.130 2.60 118.0 1081.5
H-15 0.930 2.01 186.0 493.5
West A 0.743 6.99 37.6 385.5
Seattle B 0.682 5.30 45.8 577.4
Tavenas H5 b 0.392 2.02 86.0 250.2
J5 0.539 3.36 80.6 802.8
Sellgren Al 0.152 10.45 114.9 322.8
AIT 1.123 14.09 81.3 109.8
Corpus 1Initial 0.232 3.04 102.5 231.3
Christi Final 0.377 4.54 87.6 324.7
Gregersen A 0.291 10.25 9.32 590.5
D/A a a a a
C 0.389 16.33 12.2 - 874.4
B/C a a a a
Lock and M6 b 0.887 5.55 29.9 227.1
Dam 26 3Ip-1118 0.503 7.00 32.7 512.2

a - Not enough data available for regression.

b - Analysis of H-piles used and perimeter of enclosing
rectangle.

Note: 1 tsf = 95.8 kN/m2; 1 tsf/in. = 37.7 kPa/cm
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TABLE 4.- Ultimate Loads from Hyperbolic Asymptote

Site Pile Qp Qg o
tons tons tons
Arkansas 1 78 138 216
2 135 187 322
3 107 157 264
6 36 221 257
7 36 261 297
9 17 251 268
10 110 173 283
16 35 111 146
Low Sill 1 110 236 346
2 92 285 377
3 129 126 255
4 97 305 402
5 17 141 158
6 96 282 378
Vesic H-11 118 16 134
H-12 185 60 245
H-13 239 89 328
H-14 209 209 418
H-15 329 216 545
Seattle A. 125 483 608
B 152 380 532
Tavenas H-5 80 91 171
J-5 70 107 177
Gregersen A 3 25.4 28.4
D/A a a a
C 2.9 26.6 29.5
B/C a a a
Corpusi Initial 182 35 217
Christi Final 156 57 213
Sellgren AT 90 3 107
AII 64 125 189
LD26 ELLIS M6 20 99 119
LD26 REPL 31P~IT1S 45 128 173
a - Not enough data available for regression.

Note: 1 ton = 8.9 kN
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CHAPTER IV - RESIDUAL STRESSES: BASIC CONSIDERATIONS

THE PHENOMENON

During a hammer blow, a pile will move downward first, then rebound
and then oscillate around a final positiomn. At its final position the
pile is in equilibrium under a certain point load and a certain fric-
tion ioad, which cancel out since the top load is zero. The process
repeats itself during the full driving sequence of the pile and when
the pile reaches final penetration the load distribution in the pile
can be as shown on Fig. 19.

During the downward movement of the pile the pile-soil friction is
acting upward on the pile to resist the penetration of the pile; the
point soil resistance is also acting upward, During the rebound that
follows, the soil under the point pushes the pile back up while the
pile decompresses elastically. These two components of the rebound
create enough upward movement to reverse the direction of the pile-soil
friction which now acts downward at least in the upper portion of the
pile. Equilibrium is reached when enough of the friction stresses have
reversed themselves in order to keep the bottom of the pile prestressed
against the soil.

It is clear that the residual stresses phenomenon is governed by thé
unloading characteristics of the point and friction transfer curves
(q-w and the f-w curves) on one hand, and by the elastic character-
istics of the pile on the other. 1In sands, a significant residual
point load can exist because little movement is needed to unload the
f-w curve, while much more movement is needed to unload the g-w curve.
In clays, small, if any, residual point load will exist because the
movement necessary to unload the f-w and gq-w curves are of the same

magnitude and the point load is usually small to start with.
INFLUENCING FACTORS

If a short pile, about 10 ft (3 m) long, is driven in sand the point

load will be high compared to the friction load. Since it is the
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reversal of the friction which keeps the point pre-stressed against the
soil, if there is little friction available there will be a small
residual point load. 1Indeed, the residual point load cannot be larger
than the total friction load. As the length of the pile increases,
more friction is available and more residual point load is maintained.

Beyond a certain length L 1 (Fig. 19) there is a sufficient

critica
amount of friction available to maintain a residual point load and this
load is then controlled by the compatibility of unloading displacement.
The length of the pile is an influencing factor.

If a stiff pile is driven in a soft soil the part of the rebound due
to elastic decompression of the pile will be small compared té the
upward movement necessary to reverse the friction stresses: residual
point loads will be small. 1If on the other hand, a soft pile is driven
in a stiff soil the part of the rebound due to elastic decompression of
the pile will be large enough to reverse the friction stresses:
residual point loads will be large. The pile-soil stiffness ratio is
an influencing factor.

If the slope of the unloading portion of the f-w curve is much
steeper than the slope of the unloading portion of the gq-w curve,
little movement will be needed to reverse the friction stresses and
large residual point loads will exist. If, on the contrary the slope
of the unloading portion of the q-w curve is much steeper than the
slope of the unloading portion of the f-w curve, the point load will be
completely unloaded before enough movement is generated to reverse the
friction. The q-w/f-w unloading stiffness ratio is an influencing

factor.
THEORETICAL FORMULATION

The theoretical formulation which follows makes a number of simpli-
fying assumptions. The results are useful however, because they show
theoretically the role of the various influencing factors which were
discussed qualitatively in the previous section. The residual loads
are loads that are locked in the pile upon unloading of the pile after

the pile has been brought to the ultimate soil resistance. Therefore,
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the theoretical analysis takes as an initial condition the stress and
load distribution in the pile at failure. The ultimate skin friction
is Ty, and the ultimate point resistance is qy (Fig. 20). The top
ultimate load is Qpy and the point ultimate load is Qpy. The
load anywhere in the pile is Qu-

The unloading of the friction is assumed to obey the linear elastic
model (Fig. 20): |

AT = K%Aw O €))

where AT is the decrease in pile-soil friction stress at depth z
K% is the unloading stiffness in friction
Aw is the upward movement of the pile upon unloading at
depth z.

The conventions of sign and direction are shown on Fig. 21.
Similarly the unloading of the point follows:

Aq = K. | |
1 = K Awp N e K0}

where Aq is the decrease in point resistance

K_ is the unloading stiffness for the point.

1
P
Awp is the upward movement of the pile at the point upon
unloading.

Because the pile was in equilibrium at failure, any change in stress
brought about by the unloading must also satisfy equilibrium if the
pile is to be in equilibrium after complete unloading. Therefore, the
equilibrium of the elementary pile element can be written incrementally

as follows:(Fig. 21):

dAd P At
- —— = =0 v 0 0. e e e e e e . W (1D
dz A (
where AT = normal stresses decrease in pile at depth z
= cross sectional area of pile.
P = perimeter of pile.
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Fo The constitutive equation for the pile is:
3 " 34
2 Aa=-E Ae = -ESEY s U
& P oz
L ]
e where Epis the pile modulus
Aeis the decrease in normal strain at depth z due to
g? - unloading,
e Combining the equations above leads to:
4 ' 1
8 2w P

Z—E W=O 0.-0.000000.0-00000(/3)
oz

for which the solution 1is:

f )
e Q Q
b AW =0 e %+ B e S ()
K'P
- . . _ T
E | 'Wlth Q= ﬂ
P
fron
4 4
ko :
b The decrease in load in the pile AQ is:
F ' aA
b W
g . = - 3 . . . 3 . . . . . . . » * . » . . . . . /
AQ = AE, N (75)
o Q Q |
L or - 8Q = -AE; Q(ae S e W 7723
;; with AQ = - (QU - QR)
ST where _ QR is the residual load in the pile at a depth z.
sy
m~ The bodn&ary conditions can be written as follows:
B '
- for z = 0 AQ = - Qry
B :
to for z = L 42 = - (Qpy - Qpg)
-
%J where . Qpg is the residual point load.
n
e
- 40
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-
b It is also known that:
g? for z = L Aw = AWP
B _ N - '

and (QPU QPR) KP AWPA
= These last four equations involve four unknowns (a, B, QPR"AWP) which
-~ can therefore be obtained. The result is:
Fﬁ.u_:
- E k)T (g qgrye (L)
%; QR = Qu - Qu P 0L E_P o - < (17)
S (E_Q+K)e'™ - (E_-K')e

P P P b

which can be simplified to

- - Cosh (9 + Q (L-2z))
4""‘ Qr = Qu Qru Cosh (3 + L) C e e e e e e .. (18)

Q
with tanhd = E@—

]
e

p

~ . .
§ This equation which gives the distribution of the residual load in the

pile can be used to express the residual load at the point Qpg.
2Q

Qpr = Quy - SR TR .(19.a)
- (1 + ‘I'("‘," e + (1 - K—,) e
v P p
& ] Or’
cosh 9
- Qr = QU - QU Toem S ET L) o c c ottt ot .(19.b)
i |
- The residual friction stresses along the pile are:
~ E o) E) (g ggrye )
- TR T Ty ” QTU% —* L ety -(20)
(E +K")e ™ ~ (E Q-KNe
P b P P

a
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DISCUSSION OF THE THEORETICAL FORMULATION

If the pile is infinitely short, the total load on the pile QTy
is equal to the point load Qpy. For L equal zero the above equations
show that Qpp is zero. No residual point load can exist since no
shaft friction can be reversed to maintain any residual point load.

If the pile is infinitely long then the equations give a residual
point load equal to the ultimate point load. 1Indeed, there is an
infinite amount of friction available to maintain the full ultimate
point load and the unloading of the top of the infinitely long pile
does not generate any unloading movement at the pile tip.

If the value of K; is low, EbQ/Ké is large compared to 1 and the
residual point load is large. Indeed if the value of K' is low, it
takes a large unloading displacement to unload the poing load; before
the point load is unloaded significantly the friction is reversed and
residual load‘equilibrium is reached,.

If the value of Q is large, again the equations point to a large
residual point load. Indeed if the value of Q is large, Ké is large
compared to Ep. This means that it takes little displacement to

reverse the friction but that the elastic decompression of the pile is

ylarge. Therefore, friction is reversed early and a large residual

point load is maintained.

The equations derived show theoretically what was expected physical=~
ly. It is important to note that the distribution of residual loads is
dependent upon the load distribution at ultimate load. Indeed, differ-
ent ultimate load distribution will lead to different residual load
distribution. The same comment applies to the distribution of residual

stresses.
EXAMPLE OF THEORETICAL RESIDUAL LOADS

The following example is given to illustrate the results of the
theoretical formulation. The pile was chosen as being an "average"
pile for normal onshore conditions. The following values are

considered:
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Pile A = 144 in.2 (0.093 m?)
~ P = 48 in. (1.22 m)
o E, = 3 x 106 1b/in.2 (2.07 x 107 kN/m?)
- L = 600 in. (15.24 m)
- Soil R =40 1b/in.3 (10840 kN/m3)
s K, = 2300 1b/in.3 (623,300 kN/m3)
Qry = 200,000 1bs. (44.94 kN)
5' Qpy = 100,000 1bs. (22.47 kN)
:” The theoretical parameters are obtained:
= 0 =2.1x 10-2 in.”1 (8.3 x 1074 1)
- E_Q - K} = 4,000 1b/in.3 (1.08 x 10% kN/m3)
EQ + Kp = 8,600 1b/in.3 (2.33 x 106 kv/md)
- L = 1.26
&
- Table 5 gix'JeS the residual loads and residual friction stresses as a
P function of depth. |
~
ki
g’“ TABLE 5.-Distribution of Residual Loads After Driving
Depth Ultimate Residual Ultimate Residual
il ft Load Load Friction Friction
Ew tons tons tsf tsf
0 100 0 0.25 - 0.38
, 10 90 14 0.25 - 0.29
2 20 80 , 24 0.25 - 0,18
H 30 70 30 0.25 - 0.11
40 60 33 0.25 - 0.06
0 50 50 34 0.25 - 0.02
Bl

Note: 1 ft = 0.305 m; 1 ton = 8.9 kN; 1 tsf = 95.8 kN/m2
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- The results are plotted on Fig. 22. The profile of the residual

.~ friction stresses Ty shows a friction at the surface which is larger

= than the ultimate friction Ty. This is due to the elastic analysis
= which did not consider an ultimate value. In reality the ultimate

QQ friction at the surface is zero and a possible real profile is shown in

dotted line on Fig. 22. The corresponding real profile for load

distribution is shown.

EXTENSION OF THE RESULTS TO THE TENSION TEST

g? All the theory and discussion presented above pertain to the case of

a hammer blow or a compression test. The results can be extended to

gﬁ the case of the residual loads that exist in a pile after a tension
% :
b test. The theoretical formulation is the same except that the boundary
- conditions are:
b
£

for z = AQ = - QTU
E? for z = 1L AQ = 0
m This leads to the expression of the residual loads:
e
”
5 i eQZ eZQCL"‘Z) -1
if»iw' QR = QU - QTU ZQL e e s 8 s e e & s & & e (21)

e -1
and to the expression of the residual stresses:

[ Q Qz eZQ(L_Z) + 1
E‘mj TR - Tu + QTU _P— e ZQL l . . L) . . . 3 . . . (22)

The example pile used for the compression test is used here for the
B tension test. The resulting residual loads and stresses are summarized

in Table 6 and are shown in Fig. 23,
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TABLE 6.-Distribution of Residual Loads After Tension Test

Depth Ultimate Residual Ultimate Residual
ft Load Load Friction Friction
tons tons tsf tsf
0 - 50 0 - 0.25 + 0.120
10 - 40 - 3.4 - 0.25 - 0.051
20 - 30 - 4.4 - 0.25 ~ 0.003
30 - 20 - 5,65 - 0.25 - 0.031
40 - 10 - 2.15 - 0.25 - 0.05
50 0 0

- 0.25 - 0.056

Note: 1 ft = 0.305 m; 1 ton = 8.9 kN; 1 tsf = 95.8 kN/m2

As can be seen, the residual loads are much smaller than for the

compression test,
CONCLUSIONS

From this theoretical analysis, it can be concluded that:

1. The longer the pile, the larger the residual point load.

2. The more compressible the pile, the larger the residual point

load.

3. The steeper the slope of the friction transfer curvé, the larger

the residual point load.

4. The shallower the slope of the point bearing transfer curve, the

larger the residual point load.
It was also shown that the distribution of residual loads and residual
stresses in a pile is directly related to the distribution of ultimate
loads and ultimate stresses in that pile.

The engineering relevance of residual loads is that they are not
considered in most pile load tests. Instead, the instrumentation is
zeroed after the pile is driven. Therefore, the loads measured are the
difference between the actual loads and the residual loads in the pile
(Fig. 22). As a result, the measured point loads are too small and the
friction values too high. Most current design procedures are based on

load tests which ignore residual loads.
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CHAPTER V - OBTAINING RESIDUAL STRESSES FROM LOAD TESTS

CONVENTIONAL LOAD TESTS

In a conventional load test on an instrumented pile, the following
testing sequence is usually observed: first the pile is instrumented,
second the pile is driven, third the instrumentation is zeroed, fourth
the load test is performed. Zeroing the instrumentation after having
driven the pile is equivalent to assuming that zero stresses exist in
the pile after driving. Therefore, in a conventional load test resid-
ual stresses are not measured.

The difference in load distribution in the pile between the measured
loads as described above and the true loads that exist in the pile is
shown on Figs. 24 and 25 for a compression test and a tension test
respectively. As can be seen, the interpretation of the results from a
conventional compression test will lead to a point load which is lower
than the true point load and to a friction load which is higher than
the true friction load.

The interpretation of the results from a conventional tension test
on the other hand, will lead to a point load which is larger than the
true point load which is zero, and to a friction load which is smaller

than the true friction load.
EXISTENCE OF RESIDUAL STRESSES

The existence of residual stresses in hammer driven piles may be
best exemplified by the following case (Fig. 26). At the Arkansas
River site, two piles were installed, one was driven, the other one was
vibrated into place. The con&entional procedure of zeroing the
instrumentation after placing the pile was applied before the two piles
were loaded to failure in compression. After bringing the top load
back to zero the load distributions in the piles indicated by the
instrumentation showed drastic residual loads in the vibrated pile and

very little, if any, residual loads in the driven pile.
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The above phenomenon is explained as follows. Vibrating a'pile into
the soil creates very little residual stresses and therefore, zeroing
the instrumentation after vibrating a pile in the grbund is a prbcedure
which gives a close approximation of the true loads in the pile. The
compression-decompression load test performed on the vibrated pile
simulated a very slow hammer blow and residual loads appeared at the
end of the unloading part of the test,.

Driving a pile in the soil creates significant residual stresses and
therefore zeroing the instrumentation after driving the pile is equiva-
lent to having the residual load distribution as a zero reference. The
compression-decompression load test which took place after the driving
sequence could be considered as simulating another hammer blow. At the
end of the unloading part of the test the load distribution came back
to the residual load distribution. This load distribution appeared as
zero load in the pile since the instrumentation had been zeroed under.

similar conditions after the driving process.
MEASURING RESIDUAL STRESSES

There are several methods that can be used to measure residual
stresses. These methods are described in sequence in the following
sections.

Method 1: Read Instrumentation Before and After Driving

The most direct method of measuring residual loads is to hang the
pile in driving position under the hammer. While the pile is hanging
under its own weight the instrumentation is zeroed. The pile is driven
and the instrumentation is read immediately after final penetration is
reached, The residual loads are then calculated directly.

The instrumentation in this case can be of the strain gage or strain
rod type. In addition, pressure cells are sometimes placed under the
pile tip for direct measurements of the residual point pressure. All
other metho&s consist of zeroing the instrumentatioﬁ after the pile is
driven and of obtaining the residual load by using a combination of

testing sequence and theoretical reasoning.
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RESIDUAL STRESSES: LOAD TEST RESULTS

The results of the four methods are summarized in Table 7 for the
load tests for which the analyses were possible. This table is based
on the 0.1xD failure criterion. A comparison of Methods 2 and 3 was
possible for five piles at the Arkansas River site. The residual load

given by Method 3 averaged 13 percent higher than that given by Method

2. This discrepancy is due to the fact that Method 3 assumes no addi-

tional residual loads were induced in the piles during the compression
test. This 1is obviously not the case. A comparison of Method 4 with
the results of Methods 1, 2 and 3 was possible for 14 piles. Methods
1, 2 and 3 yield a compressive side friction load, whereas Method 4
gives the tensile friction load. A comparison of the results shows
that, on the average the friction in tension is only 70 percent of the
friction in compression. This percentage varies from 40% to 110% and
is lowest for short piles, H piles and tapered piles. Fig., 28 is a
plot of the ratio of the friction load in tension divided by the fric-
tion load in compression versus the length of the pile. This figure
shows that the ratio can be more than 1. Because of the difference
between friction load in tension and friction load in compression,
Method 4 was not used in further analyses in this study. The residual
loads used in further analyses were those given by the method available
for each pile; Method 1 being the most reliable method, Method 4 the

least reliable.
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CHAPTER VI - OBTAINING RESIDUAL STRESSES WITH THE WAVE EQUATION

GENERAL

There has been widespread interest in the use of the wave equation
for pile driving analysis since the early 1960's. The main application
has been in pile driveability studies and hammer selection. The wave
equation has also been used to verify pile capacity during construc-
tion. 1Im 1975 Holloway et al. (22) proposed the use of the wave equa-

tion for obtaining residual stresses in driven piles.

. THE MODEL

The pile is modeled as a system of concentrated weights connected by
weightless springs. The soil is modeled as a spring and a dashpot
(Fig. 29). The displacements and velocities of each of the pile seg-
ments and the forces between the segments are then computed using
formulas developed by Smith (35).

The soil model used in this analysis is that proposed by Smith (36)
and presented by Hirsch et al. (21). The model is a linear elastic—
plastic model (Fig. 30). The movement necessary to initiate plastic
deformation is called the quake and was taken as 0.1 in. (0.25 cm) for
both side and point resistances. The values for side and point damping
were taken as 0.05 sec/ft (0.16 sec/m) and 0.15 sec/ft (0.49 sec/m)
respectively. The ratio between total soil resistance and point
resistance was taken from the pile load test results and the side load

was distributed uniformly along the pile.
OBTAINING RESIDUAL STRESSES

Smith's equations are solved iteratively incredsing the time step by
small increments. When the energy and momentum of the system satisfy
given criteria the solution is stopped. Any forces left in the pile at
this time are residual forces. Locking these forces in the pile and

"hitting" the pile again results in new solutions for the residual

59



™
o
w I Ram |
P Z Capblock g
4 Yo P
- Helmet—- . . 1 2 }
= NN Cushion %
- === === ETEE / 3 \
II||=: ﬂ-“!. i 1 i
= = = il !
- L il -
b 4 4 KA
| d T 7l
(- 0 5 %—% - " kK
—u 5
- e b T 71
b il m 6
0., F
7 I T
- glm“ SIDE
i h Pile FRICTIONAL
' = e RESISTANCE
2 l g | ™
-~ I E=
2 . = ;g
£l m "_m. 9 ve ”
= = < 2
- I . I .E;t
- “ iy =
il 7
I = 1
0. =
- = il bt 75
il = k 12
TsmeTss ;°i’?'f o
==l esistanc
L %’mx _/
ACTUAL PILE IDEALIZED PILE
-
-
o FIG., 29.~ Pile and Soil Idealization for Use in the Wave Equation
- (after ref, 21)

60



!

Dynamic Soil Resistance

Static Soil Resistance

>

Deformation

Load

Static Soil Resistance

FIG. 30.- Smith's Soil Model
(after ref, 21)

61



o

-

forces. Fig. 31 shows a plot of the point load versus the time inter-
val. The solution was performed for six blows, each of which ran 1000
iterations. After the third blow the solution repeated itself for each
blow. In this study a series of five blows has always been found to be
sufficient to obtain constant values for the residual stresses.

As seen in Fig. 31 the point load oscillates about, and converges
towards a specific value. Thus the value of residual load may be
obtained by plotting the point load versus number of time intervals and.
finding the value about which point load is oscillating. An example is
shown in Fig., 32. The point load versus the time interval for the
sixth blow on Lock and Dam 26 pile 5IP-I is shown. The load about
which the point load is oscillating is marked with a dashed line,

The number of iterations or time intervals per blow required to
determine the residual point load varied from pile to pile. The number
also varied with the level of soil resistance: the lower the soil
resistance, the larger the number of iterations required to determine
the residual point load. The lower soil resistances also had a
tendency to give more erratic results, In all cases studied, 1000
iterations per blow was sufficient to define the residual point load.
This number may be decreased for higher soil resistance and may need to

be increased for piles longer than 100 ft (30 m).
RESULTS

A wave equation analysis was performed for all piles for which
residual point loads were known and hammer data was available. A plot
of the results for Arkansas pile 3 is shown in Fig. 33 in terms of the
residual point load versus the blowcount on the pile. The residual
point load predicted by this approach is plotted versus the measured
residual point load in Fig. 34. An analysis of these results shows
that the mean of the ratio of the predicted residual point load over
the measured residual point load is 0.530 with a coefficient of varia-
tion of 0.669.

The results for this pile are also plotted in Fig. 35 in terms of
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residual point load versus total static soil resistance at the time of
driving. It was assumed that the static resistance at the time of
driving was the same as the ultimate load from the compression load
test (0.1 x D failure criterion). This assumption is warranted, since
the soil setup in sand is negligible. A plot of the residual point
load predicted by this approach versus the measured residual point load
is shown in Fig. 36. An analysis of the ratio of predicted residual
point load over measured residual point load yields a mean of 1.116
with a coefficient of variation of 0.657. These results provide a
better correlation that the previous results. The fact that the
residual point load is related to the static total load at failure is
consistant with the theoretical expression for the residual point load

presented in Chapter IV (Eq. 19).
HYPERBOLIC SOIL MODEL

Holloway et al. (22) reported that the hyperbolic model for soil
resistance yields more accurate results than does Smith's model. A
limited study of the hyperbolic model used in the wave equation was
performed. The results of this model are significantly different from
those of the Smith model. Further case history comparisons and para-
meter studies are needed before definite conclusions can be made

concerning this model for use in the wave equation.
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CHAPTER VII - LOAD TRANSFER ANALYSIS BY FINITE
DIFFERENCE - PATTERN SEARCH APPROACH

INTRODUCTION

In Chapter IV, a description was given of the residual stresses that
are found in piles after they are driven. Residual stresses are
self-equilibrating because, with no load at the top of the pile, the
sum of the shear forces along the side of the pile is equal to the
residual compressive forces at the point of the pile. The internal
stresses in the pile that are caused by these side shear and point
compressive forces are compressive and are preseﬁt in the pile when a
load is applied to the top of the pile during a load test following the
driving. This is illustrated in Fig. 37a. Because of this, they must
be considered in determining the equilibrium of a pile-element under
load as illustrated in Fig. 37b and in deriving the governing
differential equation of the pile under load. The sign convention that
is illustrated in Fig. 37 follows the structural convention of
compression being negative and tension being positive. In addition,
the positive z-coordinate direction is downward as is the positive
direction for pile and soil displacement. The stresses acting on a

tapered pile element are illustrated in Fig. 38.
NUMERICAL APPROXIMATION OF DIFFERENTIAL EQUATION

The differential equation that was developed in Chapter IV was
extended to include a tapered pile element such as that shown in Fig.
38 and to account for the weight of the pile.

In order to closely represent reality it is necessary to approximate
the differential equation numerically and to use a nonlinear
constitutive equation for the soil-pile shear stress. The constitutive
equation illustrated in Fig. 39 assumes that when a load is applied to
the top of a pile, it first overcomes the residual shear stresses, Tg,

with no vertical elastic compression of the pile, and then begins to
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build up additional shear stress, AT, due to vertical displacement of
the pile. The assumed comstitutive equations for the residual shear

stresses, T,, and additional shear stresses, AT, are as follows:

T, =Ce T sin T ¢ XD

w .
At = 3 S 118 |
w
k. Tat
T £
where
AT¢ = the asymptotic value of additional shear stress in the
soil which AT approaches as the vertical displacement
increases
kT = the shear stiffness of the pile-soil interface
C,Y,% = constants which describe the distribution of residual

shear stresses after driving. These constants give
patterns of residual stresses such as were illustrated
in Fig. 19 in Chapter IV.

The parameters C and ¢ were found to be dependent variables and thus a

new constant, D, was defined for convenience in the pattern search as:

>

D 'p
¢ = T —f'B

d

There is a third phase in the assumed soil-pile shear stress consti-
tutive equation when the additional shear stress reaches a limiting
value, AT, when a slip occurs between the soil and the pile. The
slip occurs when the vertical displacement of the pile reaches a value
of wg.

It is further assumed that the shear stiffness, k., and ultimate

shear strength, ATg, vary exponentially with depth, as follows:

=
]

. F G L ¢ D)

ATf

... (26)

)
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The numerical approximation of the differential equation thus uses a
total of nine constants, as follows:
Soil shear stiffness, A,n
Maximum shear strength, B,m
Soil-pile point stiffness, kp
Maximum pile point pressure, qf
Residual soil shear stress, C,Y,®
It is possible to determine all nine constants given above by a method
of minimizing the sum of the squared errors between the observed and
predicted side forces. This was done using an iterative pattern search

computer program.

SUMMARY OF PILE ANALYSIS

The details of the pile length, diameter, cross sectional area,
perimeter, and point area for each load test are given in Table 1 of
this report. The following sections will report on the residual stress
properties for each pile and then will give mean values and ranges of

the soil properties derived from each pile analysis.

Residual Stress Properties

Table 8 shows the final values of C, D, andY . With three excep-
tions, C ranges between 0.10 and 1.0. The constant C may be viewed as
a scale factor for residual shear stresses. It is proportional to the
shear stiffness of the soil and the area of the point of the pile and
is inversely proportional to the pile perimeter, its cross—sectional
area, and its elastic modulus.

Low values of Y indicate that the loads in the pile due to residual
stresses are not reduced with depth much below what would be expected
with the simple elastic rebound formula given in Eq. 26. Conversely,
high values of Y indicate that residual shear stresses are damped out
very quickly with depth. The two largest values of Y come from short
piles. 1In general, values of Y range between 0.04 and 1.0.

The value of D should be twice the constant that, when multiplied by
LB gives the residual point pressure. The smaller values normally

occur with longer piles.
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TABLE 8.- Residual Stress Properties

PILE
LENGTH
SITE PILE ft c D v
Arkansas 1 55 0.0341 O.822x10'4 £0.0868
2 55 1.009 97.5 0.0452
3 55 0.208 17.4 0.847
6 42 0.494. 29.0 0.126x10"%
7 55 0.489 45.6 0.565
9 55 0.347 31.3 0.707
10 55 0.661 62.7 0.394
Low Si11 ? 66.6 | 0.169. 13.5 0.727
5 46.5 | 0.245 21.1 0.075
6 66.5 | 0.029 25.7 0.061
Ogeechee H-11 12.2 | 0.213 24.3 2.78
River HZ12 22.3 | 0.369 33.6 0.899x10™°
H-13 31.7 | 0.146 23.3 0.076
H-14 41.7 | 0.355 23.1 0.626x107°
H-15 51.5 | 0.255 22.1 0.065
Tavenas J-5 60.0 | 0.335x1072 | 0.709x10°* | 0.975
Gregerson C* 26.24 | 0.338 30.4 0.716x107°
| c+ 26.24 | 0.338 30.4 0.716x107°
West Seattle A 100.0 0.441 40.9 0.202
B 86.0 | 0.185 0.822x10°% | 0.692
Lock & Dam 26 | 31P-111S | 54.0 | 0.154 21.0 0.268
Corpus Christi Initial 38.0 0.381 24.3 O.489x10_2
Final 38.0 | 0.123 0.420x10°% | 2.43

*strain gauges placed on steel
+strain gauges placed on concrete

Note:

1 ft = 0.3048 m)




Soil Shear Stiffness and Strength Properties

Table 9 presents a summary of the calculated values of the soil
shear stiffness values, including mean values and ranges of the
constants A, n, B, m, and AT,. The soil shear stiffness at any

depth, z, below the ground surface is given by
k. = A(2)D
and the asymptotic value of shear strength at any depth, z, is
ATf = B(z)m

in which z is in inches, k. is in 1b/in.3, and AT¢ is in 1b/in.2,

T
Typical mean values of A range between 30 and 40 and of n are around

" 0.30 to 0.40. Typical mean values of B are between 1.0 and 6.0 and the

means of the exponent n are around 0.30 to 0.50. The shear stress at
which slip occurs varies with depth and with the material of which the
pile is composed. However, the mean value of B, expressed in

1b/in.2, is a good approximation of the shear stress at which slip
occurs. There were four piles in which no slip occurred, i.e., the
forces in the pile with depth were matched within very close toler-
ances, and the predicted displacement at the top of the pile was the
same as was observed in the field for all load levels.

The amount of the variation of the constants around the mean
differs between sites. The Arkansas site is characterized by high
stiffness and high strength, with the exception of Piles No. 3 and 6.
The mean stiffness constant, A, was remarkably uniform with the
Ogeechee River test piles, where it appears that the mean strength

coefficient, B, increased with the depth of the pile.

Pile Point-Soil Stiffness and Strength Properties

An upper limit of 100,000 1b/in.3 (2.71 x 107 kN/m3) was placed

on the value of k the soil stiffness constant at the pile point.

p,
In some cases, the pattern search routine sought the upper bound and
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remained there which accounts for the number of entries in Table 10 of
the figure 100,000 1b/in.3 (2.71 x 107 &N/m3) The mean and the

range of both the soil stiffness, k,, and the soil strength, qg, is

)
given in that table. ’

The Ogeechee River test piles again exhibit an increase of stiffness
and strength with the depth of pile. The variable nature of the soil
at the Arkansas and Low Sill sites is shown with the large spread of

the mean stiffness values and their ranges. An unusually low strength

. of soil was found at the Gregersen pile test site. Although the

strength was reasonably constant between Piles A and B at the West
Seattle test site, the stiffness at the point of the pile changed
drastically as the pile depth changed from 86 feet (26.2 m) to 100 feet
(30.5 m). The Corpus Christi site was very uniform in its soil stiff-

ness and strength properties as the load increased by a factor of ten.

CONCLUSTIONS

This chapter describes a method of analyzing'the results of pile
tests which is capable of incorporating very general constitutive rela-
tions for the soils around and beneath a pile, and of counsidering
explicitly the presence of residual stresses in the pile and in the
surrounding soil prior to the load test. The method is fairly inexpen-
sive to use, requiring approximately five dollars of computer costs,
including time and printing, to make a complete analysis of a load on a
pile. Rapid convergence of the iterative procedure requires the input
of initial guesses of the nine soil properties that are reasonably
close (within a factor of 2 to 5) to the final values. The results of
the calculations in this chapter and the formulas for starting values
of the nine constants given in a previous section of this chapter
should prove to be very helpful in this regard. After several trial
runs with the pattern search method, it was decided that it is best to
determine residual stress comstants on the lower load level before
there is much likelihood of slip and then keeping them constant for

subsequent load levels.
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TABLE 9 - Pile Point-Soil Stiffness and Strength Properties
SITE PILE  |LENGTH kp’(]b/i”B) g, (15/in°)
ft MEAN RANGE MEAN | RANGE
Arkansas 1 55 8400 | 4,900-15,500 | 1300 | 530-1750
2 55 810 --- -- -
3 55 100,000 - 760 | 720-780
6 42 220 --- 11 -
7 55 940 ——- -- ——-
9 55 | 43,300 |20,200-100,000| 500 | 490-500
10 55 | 38,300 |17,200-100,000| 2900 | 50-4300
Low Si11 2 66.6 | 66,700 | 29,500-100,000 | 650 | 590-690
5 46.5 | 3900 | 1,170-49,500 | 760 | 200-990
6 66.5| 1600 810-52,400 | 1800 | 580-3100
Ogeechee H-11 12.2| 4600 | 3,600-6,000 | 1000 | 990-1040
River H-12 22.3| 3700 | 3,300-6,600 | 2000 | 920-2500
H-13 31.7 | 14,000 | 8,900-52,000 | 2300 | 2100-2600
H-14 41.7 | 20,400 |15,200-45,500 | 3400 | 1700-6100
H-15 51.5 | 51,000 |34,300-104,000| 2400 | 2300-2500
Tavenas J-5 60.0 | 13,500 | 13,300-13,800 | 2700 | 2500-2800
Gregerson c* 26.24 2600 -—-- 67 65-69
C+ 26.24 4800 --- 69| 69-69
West Seattle A 100.0 | 56,200 |52,400-60,600 | 950 | 940-960
B 86.0| 3700 | 2,100-16,300 | 1100 | 900-1300
Lock & Dam 26 |3IP-IIIS | 54.0 |100,000 —-- 620 -
Corpus Christi| Initial | 38.0| 11,100 | 3,400-20,400 | 3800 | 1700-4400
Final 38.0 | 14,700 | 5,500-25,700 | 2900 | 2000-3100
*strain gauges on steel

+strain qauges
Note: 1 1b/in

on concrete
= 6.89 kPa
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’ The results of the calculations appear to be reasonable and in many
?? cases show a consistency that promises to improve markedly the ability
| to predict pile load-settlement and capacity predictious.
~ The constitutive equation for the soil in shear along the side of
£ the pile was assumed to be rigid-elastic-plastic, in which residual
- stresses are overcome with no displacement under load and then a hyper-
;; bolic stress—-displacement relation was assumed to exist until slip

occurs, The versatility of the method described in this chapter is
g? such that any other assumed constitutive relation could be inserted

B into the program with little effort. One such counsitutive relation
:7 that would be desirable to investigate is one that imposes the same
e hyperbolic stress-displacement relation on the residual shear stresses
fﬂ as on the subsequently added shear stresses due to load. Such a
b constitutive equation has been formulated but limitations on time and
- budget on this project have required this further investigation to be
;; deferred. If this constitutive equation is used, slight modification
- will be required in the part of the program that defines the sum of

i squared random errors that is to be minimized by the pattern search
routine,

. .

25 The soil constitutive equations and the method of characterizing the

’ residual shear stresses that are described in this chapter should prove
?? to be useful in predicting pile load-settlement and capacities,

Fod particularly if the constants that were derived can be shown to be
~ correlated with the results of simple laboratory or in situ tests.

4
2o

In summary, the method that has been developed and is described in
this chapter is convenient to use for analysis of pile test data and
promises to provide a sound basis for accurate predictions of pile

displacement under load.
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CHAPTER VIII - A NEW DESIGN METHOD INCLUDING RESIDUAL STRESSES
GENERAL

In order to identify the important parameters affecting pile
behavior under load and formulate a design method which incorporates
residual stresses, various correlations were performed. Due to a lack
of other scil data at the sites only the SPT results were used in the
correlations. Although several corrections for SPT N values have been
proposed (9,38), uncorrected N values have been used throughout the
correlations. This decision was made due to the fact that the correc-
tions are not universally accepted. The engineer may apply whatever
corrections he desires before using the proposed method, but none is
recommended, The value of N used for correlation with the soil behav-

ior at the pile point N is an average over a distance of four

pt’
diameters either side of the pile point. The value of N used in
correlations with the soil behavior along the side of the pile,

N is a weighted averége along the length of the pile. The

side’
correlations were performed in three main categories: residual driving
stresses, point pressure-point movement characteristics and side fric-
tion-pile movement characteristics.

All the correlations presented in this chapter were performed for
displacement piles. Due to uncertainty regarding areas to use for the
analysis of H-piles, they were not included in the correlations.

Further discussion of H-piles is given in a later section of this

chapter.
THE REAL MEANING OF RESIDUAL STRESSES

As explained in Chapter IV the typical load test on an instrumented
pile does not measure residual stresses in the pile. The measured top
load and top movement are correct, but the measured distribution of
load in the pile is incorrect. The measured point load is too low and

the measured friction is too high. Due to this error in measurement,
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all the predictive methods based on these load test results are in
error. Therefore, for the purpose of developing a predictive method,
residual stresses must be considered.

In an uninstrumented pile load test, residual stresses cannot be
measured. This is usually not important however, since these load
tests aré normally performed to verify the capacity of the design pile.
Since the measured top load and top movement are correct, there is no
need to know the residual stresses. However, if the results of the
pile load tests are extrapolated to a pile of a different length, the
residual stresses must be considered. This is again due to the fact
that the distribution of load is affected by residual stresses.

For piles entirely in sand, the shorter a pile is the more important
the point capacity becomes. Since the point capacity is larger after
considering residual stresses, short piles will become shorter. As the
piles become longer the friction becomes more important. Since the
friction is smaller after considering residual stresses, long piles
will need to be longer to carry the same capacity.

It is rare to find a pile driven through 100 ft (30 m) or more of
sand. The most common case for long piles is to be driven through clay
with the tip seated in a sand layer. Measurements on piles in clay
indicate residual driving stresses in the pile are less than five
percent of the ultimate pile capacity, whereas in sand they may be more
than 20 percent of the ultimate pile capacity. Thus, the current
prediction methods for pile capacity in clay should not be affected
significantly by residual stresses. Therefore, a pile driven through
clay into sand should carry more load than predicted without consider-
ing residual stresses. The friction in the clay is not reduced by
consideration of residual stresses, however the point bearing in the
sand is increased due to consideration of residual stresses. There-
fore, in most cases the consideration of residual stresses will result

in greater pile capacity predictions,
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CORRELATIONS

Residual Driving Stresses

The theoretical considerations of residual stresses presented in
Chapter IV have pointed out various parameters governing the magnitude

of the residual point pressure, q The two main parameters are

res’
the pile length and the relative stiffness between the soil and the
pile. The term in the solution to the governing differential equation
which incorporates these items is LB where L is the pile length and B is

defined as

KTP
AE
%

in which the units must be consistent,

with
K. = initial slope of the friction transfer curve in loading,
obtained as described later in this chapter
P = perimeter of the pile
EP = modulus of elasticity of the pile
A = cross-section area of the pile

The term B is used instead of the term Q in Chapter IV since it uses
the slope of the loading portion of the friction transfer curve. If
the loading and unloading slopes are equal, then { and B are equal.

A plot of Qppg Versus LB is shown in Fig. 40. A linear regres-
sion through the origin yields an expression for gq of:

res

q

 Qpes T 5.57L8 with Qreg I ESE . v o oo oL (27D

s
The data point shown for the West Seattle pile was added after the

correlation was made. This pile was instrumented with a load cell at
the tip, and residual point load was measured after driving. No load

test was made of the pile, so the value of KT was predicted by
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- correlations presented later in this chapter. The results show very

™ good agreement with the regression through the other data.

ke This correlation with LB showed much better agreement than a correl-
g% ation between Qpes and Npt‘ This was expected since the N value

only gives an indication of soil strength, whereas the term LB includes

the soil-pile relative stiffness,

Point Load-Movement Characteristics

The majority of the load tests did not measure residual stresses in

the pile. When they were not measured, the residual stresses were

accounted for using the correlation presented in the previous sectionm,

- Using the hyperbolic model presented in Chapter III, two parameters

Ed are needed to describe the point load-point movement (gq-w) curve.

- These parameters are thg maximum asymptotic value, Ynax’ and the

:; initial tangent modulus Kp.

~

P Maximum Asymptotic Value.- Of primary importance in these correla-
tions is whether or not the load tests actually reached a maximum point

- bearing capacity since a majority of the piles never reached a pile
point movement equal to four percent of the pile diameter. The ratio

-~ of point load over Npt for several point movements as a percent of the

o pile diameter are presented in Table 11 for 27 piles. Also presented

are the asymptotic values from the hyperbolic regression in chapter

III. In every case the asymptotic values are larger than the highest
values from the load tests. Fig. 41 is a plot of the ratio of point
load to Npt versus point movement as percent of the point diameter

for seven of the piles. From this plot it can be seen that some of the

piles did not reach a maximum value of point pressure even after a

movement equal to 25 percent of the pile diameter. For this reason the

;? hyperbolic asymptote seems to be the best estimate of a maximum value
b and was used for all further correlations.

g? The best correlation that could be found between Ynax and Npt

bl was a power law function with the equation:

m
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bt TABLE 11.- Ratio of Point Pressure to Npt for Various Pile Movements
Movement
i Diameter
Pile 2% 4% 8% 10% 15% 25% Asymptote
Lol Arkansas
c 1 0.98 1.25 1.52(7.0) 3 2.02
2 0.80(1.4) 1.66
3 0.73 0.77(2.4) 0.95
-— 6 0.29 0.37 0.41(4.9) 0.62
; : 7 0.40 0.45(3.0) 0.57
ot 9 0.11 0.15(3.4) 0.25
10 0.51(1.3) 1.35
16 0.38(1.1) 0.50
™ Low Sill
1 0.68 0.70(2.2) 0.80
4 2 0.33 0.36(2.2) ’ 0.46
3 0.42 0.54 0.65 0.70 0.83 0.94
— 4 0.42(0.9) 0.74
: 5 0.14 0.15 0.19 0.21 0.24 0.27(19.0) 0.33
o 6 0.48(1.7) 0.59
Ogeechee River
H-11 1.67 2.5 3.08 3.42 3.96 5.07 6.67
- 4-12 5.41 5.86 6.77 7.05 |7.13 7.30 7.57
v H-13 5.91 7.01 8.53 8.87 9.21 9.88 10.09
R H~14 3.16 3.56 4.27 4.27 4.21 4.13 4.24
H-15 2.27 2.79 3.72(7.6) 4.78
- Corpus Christi
L Initial 1.40 1.77(3.6) 3.08
s Final 1.54 1.85 1.87(4.2) 2.63
Seattle
A 0.47 0.53(2.9) 0.64
Eo B 0.70 0.76(2.3) 0.90
;g] : Tavenas
i J-5 2.22 2.73 2.89(4.4) 3.22
Lock & Dam 26
goon M6 0.47 0.49 0.53 0.55 0.60 0.61(16) 0.64
B 3IP-III 5 0.69 0.74(2.5) 0.87
- Gregersen
A 3.55 5.28 6.04(4.9) 9.32
:g? a - Numbers in parentheses are percent movements for highest load level in load test

- Note: 1 tsf = 95,8 kN; 1 blow/ft = 3.28 blow/m
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-
- Qpay = 19.75 (Npt)o.36 intsf . . . ... ... . (28)
b
where Npt is the average uncorrected blow count per foot of
g? penetration within a zone equal to 4 pile diameters above,
” and 4 pile diameters below, the point of the pile.
§§ A log-log plot of the data and regression are shown in Fig 42. No
b relationship could be observed between Q. and the relative depth, L/D,
~ for either varying Ny¢ values or silt content of the soil. This
£l corresponds with findings by Olson and Dennis (30).
- |
Ej : Initial Tangent Modulus.- The second parameter needed to describe
- the q-w curve is the initial tangent modulus, Kp. The best correla-
g; tion for Kp with Nyt was power law function with the equation
~ K, = 457'1<Npt)0'0065 in tsf/in. . . . . .. . . .. (29)
- where Npt is the uncorrected average N value as defined above.
g A log-log plot of this regression is shown in Fig. 43.
;: Side Friction-Pile Movement Characteristics
* Maximum Asymptotic Value.- Correlations were performed for side
friction parameters similarly to those for the point. No correlation

could be found between fma and D/B with N Again the

k- X side"
Rl
best correlation was found using a power law function:

- 0.29 n tsf. v v v v e e (3D
Epax = 0-224 (N 40)

where Nside is the weighted average of the uncorrected blow count per
= foot of penetration aloug the shaft of the pile. A log-log plot of the
2

E regression is shown in Fig. 44.
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Initial Tangent Modulus.- A correlation for the initial tangent

modulus for the f-w curves, K_, yielded the expression

T,

0.27

R = 5,01 (N ) in tsf/in. . . . . . . . . .. (31)
T

side

A log-log plot of this regression is presented in Fig. 45.
LOW DISPLACEMENT PILES (H-PILES)

All the previous correlations were performed on displacement piles.
Due to their irregular shape, H-piles were not included in the correla-
tions. There is uncertainty with H-piles as to what point area and
perimeter the soil acts on. All analyses performed on the H-piles used
the point area and perimeter of the rectangle enclosing the H section.
The results of these analyses were plotted with the correlatioms for
comparison. There is some agreement with the results of the displace-
ment piles. However, more research must be done to determine the
actual failure planes for this type of pile. For the present, a
conservative design would be to use the smaller of the failure loads
determined using the actual point area and perimeter of the pile and
the area and perimeter'of the rectangle enclosing the H section., The

actual failure load will probably be between these.
A NEW DESIGN METHOD

Based on these correlations a new method of predicting pile behavior
under axial load was developed, which considers residual stresses. The
soil parameters required for input are the SPT uncorrected N values.
The residual stresses are related to the pile length and the relative
stiffness between the pile and the soil, The method predicts the

entire load-settlement behavior of a pile under axial load.

Ultimate Capacity

The ultimate capacity is obtained using the correlations for the
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maximum point pressure and side frictiom. The equation for the point

pressure was given in Eq. 28 as:

0.36 -
Qpay = 19-75 (Npe) in tsf

where Npt is the average of the uncorrected N values within four
diameters either side of the pile point. The equation for the maximum
side frictionm is

)0'29 in tsf

fmax = 0.224 (Nside

where Nside

length of the pile.

is the average of the uncorrected N values along the

The total pile capacity, Q, is then

Qt - qmax Ap + fmax AS . . - . ] . . . L] ] . . » . (35)

when Ap is the area of the pile point, and'AS is the surface area

of the side of the pile.

Load Transfer Curves

In order to predict the load-settlement behavior of a pile, the q-w
and f-w curves must be predictéd. These curves are assumed to be
hyperbolic and thus may be defined by an asymptotic value and an
initial tangent modulus. The asymptotic values are given by the equa-

tions for dpax @nd £ given in the previous section. The initial

max
tangent modulus for the q-w curve, Kp, is given by Eq. 29 as:

0.0065 :
- in tsf
Kp = 457.1(Np¢)

The initial tangent modulus for the f-w curve, K , is given by Eq. 31
; T

as:
0.27

- in tsf
Ke 5'01(Nside)
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Due to the presence of residual stresses in the pile, the transfer

curves do not begin at the origin. The q~w curve is raised by the

residual point pressure, Qpogs and the f-w curve is lowered by the

residu friction
e al ictiom, fres’

be found from Eq. 27 as:

Qpes = 5.57 LB
where:
L = the pile length
B
and _fR
fres = Qres A
s

as shown in Fig. 46. These two terms may

Using these parameters the entire q-w and f-w curves may be predicted.

The equations are:

_ W
q = 7 = Qpag * * *
T Z
o} qmax qres
and
— W —-—
£ =T - fres *
K f + f
T max res

It is important to note that the curves
Piles installed with a vibratory hammer or
residual point pressure indicated by these

AXTALLY LOADED PILE PROGRAM

In order to predict the load-settlement

96
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loaded pile computer program may be used, This type of program has been
described in detail by Coyle and Reese (13). Minor modifications must be
made to incorporate residual stresses in this type of program. At zero
movement the pile is under a compressive loading due to the residual
stresses. The elastic compression of the pile under this compressive
residual load must be subtracted from all settlements computed by the
program. If this modification is not made, the program will overpredict
pile settlements. This elastic compression of the pile is calculated by
using the state of stress shown on Fig. 47. | '

This new method was used with an axially loaded pile program modified as
above to predict the load-settlement curves for the piles considered in
this study. The curves are presented with the measured load-settlement

curves in Chapter IX with a statistical analysis of the results.

98



Y |

3

Shear Stresses Pile Load
S
: 1 L
res
T Qres fres Ures
Y Y
g =5.57 L8 (in tsf)

res
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CHAPTER IX -~ PREDICTIONS BY CONVENTIONAL METHODS

"PREDICTIONS OF ULTIMATE CAPACITY

The conventional static formula method is always used initially to
determine the pile size (cross—sectional area and depth of penetra-
tion) required to carry a design load. Use of the static formula
method requires a knowledge of soil shear strength which is determined
from either laboratory or in situ tests. The familiar static bearing

capacity equation is generally written as follows:

Quitimate = Qside * Qpoint * * * = * ¢ 0 s v e e e (38)

where

Qgige = fshs = v v v v v v o v v e e e (39)

and

onint QoAp *+ ¢ ¢ v s e e e e e e e (40)

The terms Ag and A, represent the side and point areas of the pile,

P
respectively. The term fg is the unit side (frictional) resistance,
and the term q, is the unit point bearing resistance. Both fg and
q, are related to soil shear strength, usually through the use of
adjustment factors or coefficients.

The unit frictional resistance for piles in sand is generally deter-

mined from the following equation:

[x;]
1}

s=Kptan & . . . ..o (6D

The term (K) is the lateral earth pressure coefficient; the term (p) is
the effective vertical pressure at the depth of interest; and the term
(8) is the friction angle between the pilé material and the sand.

The unit point bearing resistance for piles in sand is generally

determined from the following equation:
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q = poNq O /%

The term (p,) in this equation is the vertical effective pressure at the

pile point; and the term (Nq) is the bearing capacity factor for sand.

API Method - The Ameriéan Petroleum Institute (API) method is used
in the design of pile foundations for offshore structures (1). The
equations used to predict fg and q, are the same as equations 41
and 42. The recommended design factors used in this method are
presented in Table 12. These factors are considered applicable for
medium-dense to dense sands. In addition, the recommended value for K

is 0.5 to 1.0 for axial compressive loads.

TABLE 12.- API Design Factors

Soil Type A S5 ﬁi
Clean Sand 35° 30° 40
Silty Sand 300 250 20
Sandy Silt 250 20° 12
Silt 20° 15° 8

These design factors, with K = 0.7, were used to predict bearing
capacity for the test piles included in this study. Where no soil unit
weights were reported, the SPT N values were used with the correlation
presented by Bowles (6) to obtain an estimate. These values for unit
weight were used to calculate the effective vertical pressure. The

results of these bearing capacity predictions are given in Table 13.

Meyerhof Method - The Meyerhof method (27) used in this study is the

method which includes the use of a Standard Penetration Test N-value

for sand. Meyerhof's recommended equations are as follows:

N
fs='5-o........................(43)
NL
and Qo = 0.4 CAN « v v e e e e e e (44)
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TABLE 13.- API Code Predictions

Site Pile Q, Qg Q.
(tons) (tons) (tons)
Arkansas 1 71.1 102.7 173.8
2 108.0 124 .2 232.2
3 141.6 144.1 285.7
6 a a a
7 a a a
9 a a a
10 108.0 124.9 232.9
16 100.1 121.1 221.2
Low Sil1l 1 a a a
2 187.1 165.7 352.8
3 a a a
4 125.7 141.4 267.1
5 32.5 48.5 81.0
6 152.7 150.2 302.9
Vesic H-11 16.6 3.6 20.2
H-12 39.1 17.0 56.1
H-13 56.7 35.9 92.6
H-14 66.3 77.6 143.9
H-15 99.1 106.4 205.5
Seattle A 393.7 629.4 1023.1
B 307.2 420.9 728.1
Tavenas H-5 a a a
J-5 60.9 113.4 174.3
Gregersen A 15.5 14.4 29.9 .
D/A 26.6 49.6 76.2
C 3.0 12.4 20.4
B/C 13.7 46.1 59.8
Corpus Initial 66.3 46.2 112.5
Christi Final 66.3 46.2 112.5
Sellgren AT b b b
AII b b b
1LD26 ELLIS M6 27.3 37.2 64.5
LD26 REPL 31P-111S a a a
a - H Piles
b - No SPT N-Values
Note: 1 ton = 8.9 kN
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The term (N) is the average standard penetration resistance, in blows
per foot, within the embedded length of the pile. The term (N) is.the
average standard penetration resistance, in blows per foot, near tﬁe
pile point. These equations yield fg and q, in tons per square
foot.

Eqs. 43 and 44 were used to predict bearing capacity for the test
piles included in this study and the results are given in Table 14. A
reduction factor was not applied to Eq. 43 for H-piles in accordance
with a verbal recommendation from Meyerhof. However, a correction
factor was applied to Eq. 44 to account for the influence of overburden

pressure on the N-value in sand (28).

Coyle-Castello Method - The Coyle and Castello method (12) does not

require the use of Eqs. 41 and 42. Correlations were developed by
Coyle and Gastello for the unit resistances, fg and q,. These unit
resistances are correlated with relative depth (depth of penetration to
diameter ratio - L/D) and friction angle (¢') of sand. For piles with
non-circular cross-sections, D is the diameter of a circle with the
same cross-sectional area. The correlation for unit side (frictional)
resistance is presented in Fig. 48. Relative depth for this
correlation 1is determined using the midpoint depth of the appropriate
pile segment. The correlation for unit point resistance is presented
in Fig. 49. Relative depth for this correlation is determined usiﬁg
the depth at the pile point. Egs. 38, 39, and 40 are used with these
correlations to predict bearing capacity. If the standard penetration
test N-value is used to obtain the frictiom angle (¢'), a corrected
N-value (N') should be used for fine silty-sand below the water table
(6). The equation used to get the corrected N-value (N') is as
follows:

t

N=15+-]2-'-(N—15)................... (45)

Since the corrected N-value (N') was used to get (¢') in the develop-
g T

ment of the correlations, it should be used when making bearing
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Y TABLE 14 - Meyerhof Predictions
i
£
L . )
Site Pile Qp QS Qt
-~
& - (tons) (tons) (tons)
4
Arkansas 1 140.2 107.7 247.9
2 296.9 107.5 404 .4
3 408.6 143.2 551.8
6a 228.8 85.0 313.8
31: 78 226.1 101.4 327.5
fed : 9a 248.1 127.0 375.1
10 296.9 108.1 405.0
- ' 16 253.6 139.6 393.0
2 Low Sill 14 413.5 326.8 740.3
i 2 683.1 212.6 895.7
- 3a 468.7 215.6 684.3
B 4 449.8 183.4 633.2
i 5 147.3 70.8 218.1
6 556.8 198.1 754.9
~ Vesic H-11 70.7 3.8 74.5
H-12 120.2 18.8 139.0
H=-13 106.0 29.3 135.3
P . ~H-14 197.9 48.9 246.8
P H-15 261.5 81.3 342.8
- Seattle A 483.8 410,5 894.3
B 473.9 340.7 814.6
i Tavenas H-5¢ 94 .7 117.8 212.5
b J=5 79.7 95.8 175.5
Gregersen A 2.7 4.6 7.3
- D/A 5.3 6.4 11.7
C 1.4 3.9 5.3
B/C 2.7 5.9 8.6
- Corpus Initial 248.9 38.0 286.9
‘ Christi Final 248.92 38.0 286.9
” ' AT b b b
- Sellgren AIT b b b
o 1LD26 ELLIS M6 122.3 54.0 176.3
LD26 REPL .  31P-III5@ 187.5 142.6 330.1
)

a - H-Piles (Side area and point area determined using
outside perimeter). ‘
— b - No SPT N-Values
Note: 1 ton = 8.9 kN

& i

3
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106

gt |



capacity predictions.

The results of the bearing capacity predictiouns using this method
are given in Table 15. It is important to note that the Coyle and
Castello predictions should be compared with results from field load
tests where the failure (ultimate) load is determined by the 0.1 x D
criterion (42). This definition of failure (ultimate) is the load
which induces a total settlement equal to 10% of the pile point

diameter for driven piles.

Comparison of Ultimate Capacity Predictions.- A comparison of the

three conventional methods of predicting bearing capacity (API,
Meyerﬁof, and Coyle-Castello) for the test piles included in this study
is presented in Table 16. In additiom, the ultimate loads are given in
this table, based on the failure criteria presented in Chapter II. For
comparison purposes, the maximum applied load for each pile is also
given in Table 16.

A study of Table 16 reveals several general trends. The API method
is generally conservative (underpredicts) and Meyerhof's method is

generally unconservative (overpredicts). In order to better quantify

‘the results, frequency distributions of predicted over measured total

loads are shown in Figs. 50 through 53 for the three methods, plds the
new method presented in the previous chapter. The 0.1xD failure
criteria was used for the comparison since that is the criterion used
by Coyle and Castello to develop their methods. The failure criterion
used by the API and Meyerhof methods is not stated in their publica-
tions. The new method, called the Briaud-Tucker method on Fig. 53,
yields the entire load-settlement curve. Thus, the load corresponding
to a pile settlement of 0.1xD could be obtained. A summary of the
mean, Standard deviatiom, coefficient of variation and the percent of
the mean corresponding to 90% confidence level is given in Table 17.
These results verify that the API method is conservative and Meyerhof's
method is unconservative. These methods also have a large coefficient
of variation. The Coyle and Castello and the Briaud and Tucker methods
show a mean value very close to 1.0. The coefficient of variation for

the Coyle and Castello method is larger than that for the Briaud and
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TABLE 15.- Coyle and Castello Predictions
Eﬁ
-
) Site Pile Qp Qs Qt
é? , (tons) {(tons) (tons)
. Arkansas 1 133.4 ©96.1 229.5
gg 2 150.2 102.0 252.2
3 227.0 107.6 334.6
6 a a a
7 a a a
9 a a a
10 150.2 102.6 252.8
16 118.2 117.3 235.5
Low Sill 1 a a a
2 264.6 186.1 450.7
- 3 a a a
N 4 236.4 162.3 398.7
e 5 110.3 60.2 170.5
6 295.3 168.6 463.9
5? Vesic H-11 26.5 4.7 31.2
= H~-12 44,2 11.4 55.6
- H-13 79.5 39.8 119.3
= H-14 141.4 51.9 193.3
l - H-15 247 .4 92.9 340.3
“ Seattle A 430.8 318.2 749.0
- B 357.9 183.7 541.6
# Tavenas H-5 a a a
‘ J-5 164.3 189.4 353.7
Gregersen A 19.8 11.3 31.1
- D/A 24 .4 28.7 53.1
C 10.6 9.7 20.3
B/C 13.6 25.3 38.9
— ‘ Corpus Initial 115.6 27 .4 143.0
Christi Final 115.6 27 .4 143.0
- Sellgren AT b b b
- ATT b b b
: LD26 ELLIS M6 62.5 44,2 106.7
- LD26 REPL 31P-111I5 a a a
m
B a - H-Piles
b - No SPT N-Values
i, Note: 1 tom = 8.9 kN
.
-

Figsaa
e
el g

108

7



§F1 TABLE 16.- Comparison of Ultimate Loads
iciod
Maximum
SITE PILE Prediction Method (tons) Failure Criteria (tons) Applied
APL Meyerhof Coyle-Castello Asymptote  Davisson  0.1xD Load (tons)
Arkansas 1 174 248 230 216 161 172 a 172
River 2 232 404 252 322 207 242 250
3 286 552 335 264 230 272 a 259
6 314 257 132 183 a 183
7 328 297 189 243 255
9 375 268 222 250 a 250
10 234 405 253 283 200 242 a 230
16 221 393 235 146 154 175 a 167
1 740 346 358 390 a 358
Low Sill 2 353 896 451 377 338 420 a 372
3 684 255 185 240 240
4 267 633 399 . 402 400 a 440 a 341
= 5 81 218 171 158 135 145 145
o 6 303 755 464 378 365 a 430 a 345
o Vesic H-11 20 75 31 134 35 76 105
H-12 56 139 56 245 172.5 232° 237.5
s~ H-13 93 135 119 328 205 297 313
H-14 144 247 193 418 290 347 400
. H-15 206 343 340 545 350 421 430
) Seattle A 1023 894 749 608 525 525 335
B 728 815 542 532 450 450 450
- Tavenas H-5 213 : 171 120 162.5 162.5
: J=5 174 176 354 177 109 150 150
e Gregersen A 30 7 31 28.4 24.3 27 30
D/A 76 12 53 c 44,5 51 52
- C 20 5 20 29.5 26.4 30 31
vd B/C 60 9 39 c 42.7 48 52
Cotpus Tnitial 113 287 143 217 108.2 150 a 134
Christi Final 113 287 143 213 134.6 168 a 157
Sellgren Al 107 58.3 77.5 90
-~ ATT 139 129.2 142.5 158
Lock and M6 65 176 107 119 75 95 110
- Dam 26 3IP-IITS 330 173 150 a * 150
” a - Load-Settlement Curve extrapolated to obtain value,

b -~ Load-Settlement Curve could not be extrapolated with confidence
g ¢, - Not enough Load Traansfer Data.
Note: 1 ton = 8.9 kN
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i

Tucker method, indicating a larger amount of scatter in the results.
Thus, overall the new design method gives the best results., It should
be kept in mind ho&ever, that the data base analfzed here is somewhat
different from that used to develop the first three methods, whereas it
is the same as that used to develop the new methed.

The overprediction of the Meyerhof method is due mainly to the
prediction of point capacity. From the data presented in the previous
chapter, a value of 4 x N for the point capacity would be valid only u§
to a N value of about 20 blow/ft. Therefore'the method may yield
better results using a maximﬁm value of point resistance of 80 tsf to

100 tsf (0.8 kPa to 1.0 kPa).
PREDICTIONS OF LOAD-SETTLEMENT BEHAVIOR

The static formula methods are used to predict ultimate bearing
capacity, but they do not predict pile settlement. The best way to
obtain pile settlement is to conduct a pile load test. In many cases,
the design of foundation piles is based on allowable settlement. A
method has been proposed to predict pile settlement, i.e., predict a
load-settlement curve. This method is based on a computer program
which utilizes non-linear soil resistance properties (13). The method
requires a knowledge of unit skin friction versus movements and unit:
point bearing versus movement relationships.

Two procedures for nonlinear resistance versus movement relation-
ships were used in this study to predict load-settlement curves. Both
procedures were developed at Texas A&M University and were developed
using the results of instrumented pile load tests in sand. Instrument-
ed pile load test data was analyzed to develop plots of friction versus
movement and point bearing versus movement curves, These curves were
then used to develop the empirical input needed for the computer pro-

gram which gives the predicted load-settlement curve.

Coyle t-z Curve Method

The first procedure was developed during the past five years as
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additional instrumented pile load tests were reported in the literature

i (14). The resistance-movement curves which were developed during this
é; time are presented in Tables 18 and 19. The curve from Table 18 is in
terms of unit skin friction resistance expressed in percentage of the
™ ]
= ; ultimate frictional resistance. TFor example, at a movement of 0.075
in. (0.19 cm) 50 percent of the ultimate frictional resistance is
?ﬁ developed. The curve from Table 19 is in terms of ultimate point load
§ rather than unit point bearing resistance. For example, at a movement
=~ of 0.10 in. (0.25 cm) 60 percent of the ultimate point load is develop-
b ed.
TABLE 18.~ Friction Movement Curve
)
Percent Friction Developed Movement
Ratio in.
-
- , 0 0
- 0.50 0.075
) 0.75 0.125
0.90 0.200
1.00 0.300
—
1.00 0.500
~ Notes: Uses £ from Coyle~Castello
. (ult)
5 1'in."= 2.54 cm
TABLE 19.~ Point Bearing - Movement Curve
- .
- Point Load Movement
) 1b. in.
—
0 0
- 0.60 Qp(ult) 0.10
m 1.00 Q) (y7r) 0.30
£ '
Foud Notes: Uses Qp(ult) = qup (qo
. from Coyle—Castello)
: 1 1b = 4.45 N; 1 in. = 2.54 cm
-
E
v
[ ]

£ L A
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Briaud-Tucker Method

The second precedure was developed as a part of this study and was

detailed in the previous chapter.

Hyperbolic resistance-movement

curves were developed in terms of unit frictional resistance (fg) and
unit point bearing resistance (q,) versus movement (w). These rela-
tionships have already been presented in Chapter VIII, but arelrepeated
" to show the application with respect to predicted load-settlement

curves. Eq. 36 and 37 from Chapter VIII are used to express the rela-

.

3

LA

3

3
g

e
B

)

tionships:

W

b - f in tsf/in.
_]__ + W res
K (f + £
T max res
q I k. - = Qpag in tsf/in.
I )
P Ynax = Yres
where
' 0.27
KT 5.01 (Nside) 2 in tsf/in.
0.29 .
fmax 0.224 (Nside) in tsf
R, = 457.1 (Npt)o.ooes in tsf/in.
0.36 in tsf/in.
Upax = 1259 (N ) sf/in
Qpes = 5.57 LB in tsf in tsf
A
£ P
res A
)
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Standard Penetration Test N-Value

plile length

it

pile perimeter

>
1]

plile cross—-sectional area

3
]

P pile modulus of elasticity

Comparison of the Results

The predicted load-settlement curves which were developed for the
test piles included in this study are presented in Figs. 54 through
76. For each test pile the measured load-settlement curve is presented
along with the predicted curve using both the Coylé and Briaud-Tucker
procedures. In addition, a single point is plotted to indicate the
ultimate bearing capacity for the API and Meyerhof's static analysis.
Coyle and Castello correlations were used to obtain ultimate frictional
and point resistances with the Coyle procedure. Eqs. 36 and 37 were
used to obtain maximum unit frictiomal and point bearing resistances
with the Briaud-Tucker procedure. A careful examination of Figs. 54 to
76 shows that both procedures give reasonably accurate predicted load-

settlement curves for most test piles. In general, the Briaud-Tucker

_procedure gives the best results.
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CHAPTER X - PREDICTIONS BY THE CONE PENETROMETER

AND PRESSUREMETER METHODS
PRESSUREMETER METHODS

Ultimate Capacity

The basic formula for estimating the ultimate vertical capacity of a
pile, Qult’ may be expressed by the sum of point resistance, Qp,

and skin resistance, Qg, or

Qult = Qp + QS = qp AP + fs AS . . . . . . . . . . . . (46)

in which qp = the unit bearing capacity of the pile point of area
Ap and f; = unit skin frictiom on the shaft of area Ag. No
matter what type of test data is used, this relationship does not
change.

The unit bearing capacity of the pile point, 4ps has been defined

in terms of pressuremeter test results as:

. . .
qp = k(ple) L VR A A I S (47)

. - o . v *
in which k = pressuremeter bearing capacity factor, pj, = the
equivalent net limit pressure near the pile point and q,, = the

total overburden pressure at the pile point. The equivalent net limit

* . . . .
pressure pj, is obtained using the relationship:

Y A * %
Py, = P, g PYg wve Plp = v oeom e e e e (48)

where pil, ceenes p?n are the net limit pressures obtained from

tests performed within + 1.5 D of the pile point where D is the diameter
of the pile. The pressuremeter bearing capacity factor, k, is a
function of the type of soil, the strength of the soil, and the shape

and embedment depth of the pile. Three design methods were used to
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determine k and fg. These methods have been proposed by Menard (26),
Baguelin, Jezequel and Shields (4), and Bustamante and Gianeselli (12).
In the wethod proposed by Menard (26), Method A, the pressuremeter
bearing capacity factor, k, used in predicting the axial capacity of
piles can be obtained from Fig. 77 after first calculating the penetra-
tion depth to radius ratio of the pile h,/R, and after determining

the soil category near the pile point (Table 20). The penetration

depth to radius ratio, h /R is obtained from:

*
he 1 n AziPll
—ﬁ——ﬁ' Z % . - . . . . . . . - . - . . . . 0(49)
i=1 Ple
- where R = pile radius, P?i = the net limit pressures obtained

from tests between the ground surface and the tip of the pile and

AZ; = the thicknesses of the eleﬁentary layers corresponding to the
pressuremeter tests. For the unit skin frictiom, fg, Menard recom
mends using Fig. 78 which gives values of skin friction as a function
of the limit pressure. For traditional bored or driven piles, curves A
and B are to be used. Curve B is used within three diameters of the
point because of increased skin friction in this region caused by load-
ing the pile. For steel piles or piles with a permanent lining, Menard
advises to reduce the values given by curves (A) and (B) by 20% in
cohesive soils and by 30% in sands or submerged sands and gravels.
Menard states that: since skin friction decreases as the pile diameter
increases, the values given in Fig. 78 are applicable to a pile dia-
meter of 24 in. (60 cm) and should be reduced by 10% for a diameter of
32 in. (80 cm) and by 30% for a diameter of 48 in.(120 cm).

The second design method, Method B, was proposed by Baguelin,
Jezequel and Shields (4). The pressuremeter béaring capacity factor k
is obtained from Figs 79a through 79d for bored piles and from Figs
80a through 80d for driven piles. Each graph, a through d, represents
a different soil type and k can be found from these graphs once the net
limit pressure and the penetration depth to width ratio are known. The
unit side frictiom, fg, is obtained from Fig. 81 for a given value of

P;. A distinction is made between relatively rough, porous

143



m

9 __
- 1 soiL
- —== CATEGORY
3 8 - P ) I A
- i
. R )
e ? V4 /"—_

\

p - = - )1

- : | 08 = | > - =|> T« > 7
I T b 1" n
¥ 8 . _ " o " o Q O«
: <y =y
z § z|§ = 1-g)\8-
- 218 B 2] | 28
5 ~ 0 h»
- 0 4 8 12 16 20 DNE
- | R
: - footings, piers and - -~ driven piles, displacement
’ bored piles caissons
-
’ FIG. 77.~ Bearing Capacity Factor Chart for Piles;
- for Use With Method A (from ref, 26)
-~

L 144



L

Fangt

¥ ,y;

0
1.5
3000+
1.0
20001
fmax fmax
(psf) (bar)
1000+ 0.5
0] ; t + 0
R 10,000 20,000 30,000
R (psi)
negative friction on the shaft
u?der Thg effect
-1000+ of a surcharge -05
FIG. 78.- Skin Friction Design Chart for Use With Method A

(from ref, 26)

. 145



(o~

e

TABLE 20.-

Soil Categories — Menard Method

Ranges of Pressures

Nature of Soil

Soil Categories

Limit py,
0 25062 psf Clay
(0 12 bars)
Category I
0 - 14620 psf silt
(0 7 bars)
37593 - 83540 psf Firm Clay or Marl
(18 - 40 bars)
14620 - 62655 psf Compact Silt
(12 - 30 bars)
, o Category II
8354 16708 psf Compressible Sand
(4 - 8 bars)
20885 - 62655 psf Soft or Weathered
(10 - 30 bars Rock
20885 - 41770 psf Sand and Gravel
(10 - 20 bars)
Category III
83540 - 208850 psf Rock
(40 - 100 bars)
&
62655 125310 pst Very Compact
(30 - 60 bars) Sand and Gravel

Category IIIA
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pile material such as concrete or wood, and smooth, impervious material
such as steel. Baguelin, Jezequel and Shields also make a distinction
between displacement and non-displacement piles.

The third method, Method C, was proposed by Bustamante and
Gianeselli (9). Like the method proposed by Menard (26), the soil is
broken down into categories (Table 21) and the penetratiom depth to
radius ratio hy/R is used to obtain the pressuremeter bearing for
capacity, k bored piles or driven piles (Fig. 82). The unit skin
friction, fg can be obtained from the appropriate curve shown in Fig.
83 (A’Abis’ B, C, D, E, F) after determining the soil and
foundation type from Table 22.

Load-Settlement Curve

To predict the load-settlement curve at the top of the pile, the
load transfer curves ét the point and along the shaft of the pile, q-w
and f-w respectively, are first obtained. The q—w curve represents the
variation of the pressure exerted by the pile point on the soil, q,
versus the movement of the pile point, w. Similarly, the f-w curve
represents the variation of the friction developed between the soil and
the pile, f, versus the movement of the pile shaft, w. Three methods
exist to determine these curves using pressuremeter test results.

These methods were proposed by Menard and Gambin (19), Baguelin, Frank
and Jezequel (2) and Bustamante and Gianeselli/Frank and Zhao (9,16).

In the method proposed by Menard and Gambin (19) both the gq-w and
the f-w curves are represented by elastic-plastic models as can be seen
in Fig. 84. The ultimate values of q and £, called Upax and £
respectively, are found by using Menard's method for ultimate capacity
which was described earlier. The slopes q/w and f/w of the elastic

portion of the curves are given by:

2E

R
1o op for R<C2.5 £ (0.76m . . v vo.v .. ... (50
f Eo

and —=3Cg forrR<L.0ft (0.3m) ... ... ..... (5D
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TABLE 21.- Soil Categories ~ Bustamante and Gianeselli Method
Limit Pressure Soil Type Category
PL
0 - 14620 psf Soft Clay
(0 - 7 bars)
0 - 16708 psf Silt and Soft Chalk
(0 - 8 bars) 1
0 - 14620 psf Loose Clayey, Silty
(0 - 7 bars) or Muddy Sand
20885 - 41770 psf Medium Dense Sand and
(10 - 20 bars)  Gravel
25062 - 62655 psf Clay and Compact Silt
(12 - 30 bars) ’
31328 - 83540 psf Marl and Limestone-Marl
(15 - 40 bars)
20885 - 52213 psf Weathered Chalk
(10 = 25 bars) 2
52213 - 83540 psf Weathered Rock
(25 - 40 bars)
> 62655 psf Fragmented Chalk
(> 30 bars)
> 93983 psf Very Compact Marl
(> 45 bars)
> 52213 psf Dense to Very Dense
(> 25 bars) Sand and Gravel
3
> 93983 psf Fragmented Rock
(> 45 bars)
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Method A (Menard Gambin)

Y‘ fmox
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FIG. 84 +— qa-w and f-w Curves For Use With lMethod A
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o

 |+h

or . . (52)

where Ep = pressuremeter reload modulus as defined in Reference 10.
R = pile radius.
E, = pressureméter first load modulus as defined in
Reference 10,
R, = 1.0 with R in ft or 0.30 with R in meters
= coefficient given in Table 23
C = coefficient of friction mobilization (Table 24)
A = a shape factor
= 1.00 for circular cross-sections
1.12 for square cross-sections
1.53 for length/width 2
2.65 for length/width = 10

Baguelin, Frank and Jezequel (1) developed a procedure for deter-

mining load transfer curves using results from a selfboring pressure-

meter., This procedure was used to predict the load transfer curves of

piles using preboring pressuremeter test results instead of selfboring
pressuremeter test results, For this reason this method is called
pseudo Baguelin, Frank and Jezequel method. The referenced procé&ure
(2) calls for the use of the small strain selfboring pressuremeter
modulus. Because the reload preboring pressuremeter modulus Eg
correlates favorably with that selfboring pressuremeter modulus, Ep
was used in the calculations, The g-w and f-w curves using the pseudo
Baguelin, Frank and Jezequel method are shown on Fig. 85. The ultimate
values of q and f are obtained using the ultimate capacity method
proposed by Baguelin, Jezequel and Shields (4) method. This method was
presented earlier. The slopes of the elastic portion of the model are
given by

ZER

4 e v T (53)
Yo m(1-vH)R
E

- R T . 79

2 (14v) (l+ln(-2%) )R

£ |+
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o TABLE 23.- Values of the Parameter Q
Y
‘ Sand and
- Peat Clay Silt Sand Gravel
;; Soil Type
* % E3 * *

m | Em/pl a Em/pl o Em/pl al Em/pl o Em/pl a

Over- >16 1 >14 2/3 >12 1/2 >10 1/3
Q ‘ consolidated
]
™ Normally 1 9-16 2/3 814 1/2 7-12 1/3 6-10 1/4
> consolidated
e
Weathered 7-9 1/2 1/2 1/3 1/4
- and/or :

remoulded
m
J ,Rock Extremely Slightly fractured
- fractured Other or extremely
k! weathered

- o =1/3 O =1/2 O =2/3

TABLE 24 .- Coefficient of Friction Mobilization C - Gambin Method

”

Type of Pile Friction Pile End Bearing Pile

B

10 h/R

20

(]

h/R

]

|k .

Drilled Pile 4.5 - 5.0 5.2 - 5.6 2.8 - 3.2

s |

Driven Pile 1.8 - 2.0 2.1 - 2.3 1.1 - 1.3

I'm

3

-~ 158



QT Method B (Pseudo-Baguelin)
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FIG. 85.- q-w and f-w Curves for Use With Method B.
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where Ep is the pressuremeter reload modulus, V is Poisson's ratio, R
i1s the pile radius and L is the pile length.

The third method used to predict load transfer curves of piles using
pressuremeter test results was developed by Frank and Zhao (16). These
curves, as shown in Fig. 86, are bilinear elastic-plastic models. The
ultimate values of q and f are obtained by using Bustamante and
Gianeselli's ultimate capacity method as previously described. The
first slope in the elastic range of the models is given by:

S.SEO
R_ ¢ & ¢ & s e & & * e e + e e & s s e s e e @ (55)

w

§'= - R (56)

where Ej is the initial pressuremeter modulus, R is the pile radius
and 0 is a coefficient equal to 0.76 R (with R in feet) or 2.5 R (with
R in meters). The second slope in the elastic range is 5 times softer
than the first slope and the change in slope occurs at omne half the

value of g or f .
max max

CONE PENETROMETER METHODS

Ultimate Capacity

Four methods were used to calculate the ultimate unit bearing

capacity, dps and unit skin friction, f_., using cone penetrometer

s>
test results., These are the methods proposed by DeRuiter and Befingen
(15), Bustamante and Gianeselli (8), Schmertmann (31) and a method
which makes direct use of the cone penetrometer results.

The first method was proposed by DeRuiter and Beringen (15). They
found, based on load test-CPT correlations, that the pile end bearing
is governed by the cone point resistént q. over a zone extending from

0.7 to 4 pile diameters below theApile tip and up to 8 pile diameters
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’ above the pile tip. Fig. 87 illustrates these zones and shows the

i}

E”‘ formula to obtain the ultimate unit bearing capacity (qp). For

. P . . .. ..

i overconsolidated cohesionless soils, a limit value for qp 1is imposed

(Fig. 88) to account for a reduction in strength during the driving of

the pile. The unit skin friction, fg, according to DeRuiter and

Beringen is the minimum of

2) average CPT sleeve friction
EE% . 3) q. (average)/300 (compression) or
o q. (average)/400 (tension).
™ Bustamante and Gianeselli (15) proposed a method by which the ulti-
i mate unit bearing capacity, 4p is obtained from the relationship: .
@ ‘ ; ;
i 4p = ke qc (near the point) « + + + v ¢« v « v o« o & « o (57)
- -
B and the ultimate unit skin friction from the relationship:
- ¢ - Jc(average) . (58)
Vj S a — max . Ll L] . . L] . . - » * - - L] .
- The coefficients, k., ¢ and fmax are obtained from Table 25.
They are a function of the soil type, pile type and the method of
- installation of the pile.
el Schmertmann (31) suggests using the value of 4p obtained from
- DeRuiter and Beringen (15) for piles in sand and in clay. For side
?3 frictional resistance however, he suggests using the following
relationship:

.ﬂi
) ’ 8B 4 L

Qs = k L 3p fsAs v+ I N G 1D
. d=o d=838

where Qg = total ultimate side friction resistance
k = ratio of unit pile frictiom to CPT sleeve friction

(see Fig. 89)

'd = depth to the middle of the depth interval being considered

0 ;
v B = pile width or diameter
162
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ﬁ cone resistance
T

T

FIG.
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|
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!

o

1

< L1+ u)/2+10
q =
L 2

: Diameter of the pi'la
: Average cone resistance helow the tip of the pile over a depth

which may vary between 0.70 and 4D

. Minimum cone rasistance recorded below-the pile tip over the

same depth of 0.70 to 4D

: Average of the envelope of minimum cone resistances recorded

above the pils tip over a height which may vary between €D and
8D. In determining this envelope, values above the minimum
value selected under |l are to be disregarded

: Ultimate unit point resistance of the pile

§7.- Point Bearing of Pile in Sand
(from ref. 20)
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When fg does

fied to:

Qs=

unit CPT sleeve friction resistance for depth interval

considered,
pile shaft area for depth interval considered.

not vary significantly with depth, this can be simpli-

k[l/Z(fsAs)o_sB + (fSAS)SB_L] e (60)

where no fg data are available Schmertmann suggests

Qs =

or Qg =

where qc'=

0.10u q. Ag for electrical penetrometer results.

0.067u q. Ag for mechanical penetrometer results,
average cone resistance and
Bjerrums field vane shear strength correction factor

obtained from Fig. 90.

The CPT method consisted of the average cone point resistance, q.,

within the depth of influence of the pile point as the unit bearing

capacity, dps and of using the average sleeve friction from the cone

penetrometer

test as the unit skin friction for the pile fg.

Load-Settlement Curve

Verbrugge

curves. The

Q/w =

f/w =

where D =
E =

and E =

(38) proposed an elastic plastic model for the q-w and f-w

slope of the elastic portion is given by:

3.125E ‘ (61)

. . - . . . . . . . . . . - . . . . . . .

[ T T (62)
D

diameter of a circular pile or 1.2 x width for a square

pile,

36 + 2.2 q, (tsf) for bored piles,

108 + 6.6 q, (tsf) for driven piles

The maximum value of f in cohesionless soils can be obtained by omne of

the following relationships:
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fhax = O.Dll qc. Driven concrete piles
fhax = 0.009 q Driven steel piles
fpax = 0.005 q. Drilled concrete piles
fpax = 0.003 q. Drilled steel piles

where f ., < 0.8 tsf for Drilled piles and
fnax £ 1.2 tsf for Driven piles.

Verbrugge does not make any recommendation for qp,y for the pile.

Here, qp,x Was obtained by using Bustamante and Gianeselli's method

(8).

COMPARISON OF RESULTS

Pressuremeter test results were available at two sites and cone

. penetrometer test results were obtained at five sites. One site, Lock

and Dam 26 Ellis Island Site, had both pressuremeter and cone
penetrometer test results. Predictions of pile capacity were pérformed
using the methods presented previously. The results of the ultimate
load predictions are summarized in Table 26. The load-settlement
predictions are presented in Figs. 91 through 104. The results of
those methods which predict only ultimate load are shown as single
points on the load-settlement plots. '

In general, the predictions agree well with the measured results.
The predictions using the cone penetrometer methods were compared to
the ultimate load given by th asymptotic values of the hyperbolic
regression presented in Chapter IV. The ratios of the predicted loads
over the measured loads were computed and the mean, standard deviation
and coefficient of variation of these values for each method are given
in Table 27. Overall, the Bustamante and Gianeselli method and the
Verbrugge method gave the best results, The mean of the ratios of
predicted over-measured total loads was 1.06 and 0.94 for these methods
respectively. These methods also predicted the distribution of the
load between point bearing and side friction very well. The other
three methods predicted total loads reasonably well but overpredicted

the point load by 100% to 200%, and underpredicted the friction load.
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Although the Verbrugge method predicted the ultimate loads quite
well, this method underpredicted settlement. At low load levels the
prediction generally agrees with the measured results. As the load
increases, however, the actual settlement becomes greater than the
predicted. This indicates that the elastic modulus of the soil is
nonlinear. Future research in this area should consider correlations
with CPT data to obtain a nonlinear soil model.

Due to the limited amount of data, no general conclusions can be
made regarding the pressuremeter methods. The overprediction for the
pile at Lock and Dam 26 may be explained by the loading history of the
pile. It was subjected to repeated cyclic lateral loading before the
axial load test. This loading makes the results of the axial load test
questionable in terms of the capacity of pile loaded only axially.
There were not enough cases for a meaningful frequency distribution to
be prepared for these methods. However, the data base collected by
Bustamante and Gianeselli (8) to propose their PMT and CPT methods was
used to prepare frequency distributions. Figs. 105 through 110 present
the results for that data base which includes piles in all soil types.
The results are summarized in Table 28. The two methods both slightly
overpredict pile capacity with the cone penetrometer yielding the best
results, The coefficient of variation is much lower than those
obtained from the conventional methods. Using a data base not limited
to instrumented piles, Olson and Dennis (30) found that the CPT methods
provide slightly better accuracy than the SPT methods; the pressure-
meter methods were not included in their study. Based on these
results, the CPT and PMT are quite promising tools for use in predict-

ing pile capacity.

185



PEOT 3UTO4 °POYISK I9I2W0i3dudd 2u0) *UOTINIIISTQ Adusnboig — 60T ‘914

paJnseaw ac
pa3oipadd Qc
0°¢ . G°¢ 0°¢ S 1 0°1 S0 0
__~______ _________._____—_.__a_.
- ! .
_ |
|
i I i
I 1t
___
i “__ .
.. | I 11 —
: __. -
|
i i |1 _
" NYIW X $2°0 = “4NOD %06 e _;:_8%m R
: 0£°0 = /0
B g = "A3Q CAlS _
2517 L = Ny3W -
S1S31 ayoT-21 _
HEEEEEEREENEEEE IR T
QOHLIW YILIWOYLINIA INOD
SR ST E T SYTN N SPE I S O I A

L0

¢'0

€°0

v°0

50

9°0

S1S3L dvo1 1v.ioL

S1S31 av0T 40 YIGWNN

186



(—

PBROT OPIS °POYIDK I2IBWOAIDUIJ 2U0) *uoTINqQIAIsTq Louenboaig - *90T *9H14

N

paJnsesu 4

DEFRJTENT N

~ NVaW X v%°0 = “4INOD %06
¢5°0 = /0
- ¢¥9°0 = "A3Q "dlS
_ 92271 = NVYIW
SNOT1VAY3Sa0 £8

IR N I N

"Juoj %06

QOMLIW YILIWOULINI INOD

L*0

¢'0

€°0

v°0

G0

9°0

SNOILYAY3ISE0 1vV.i0L

SNOILVAYISHO 40 YIGWON

187



pPEBOT TEBI0], °*POYIdN 19]9W0olIJauaddg dU0) *UOTINGTIIIST({ Adusnbaig -"L01 *91d

paJansesu {
pa3oLpaud

0°¢ G2 0°2 g1 0°1 G0 0
N B I B O B Y T T 0
- T -
= | 4 10
l
B __ | ]
— L — 20
N | |
| _
L __ | - €0
i I i
__ *
— ,«. ) ~ $°0
uea | - 4u03 %06
- NVIW X 69°0 = *4NOD %06 | -
' NN. = ﬁ\b
o 82" = "AI0 ‘4lS d..
6€0°L = NVIW . | §°0
S1S3lL avot 8t _
e bt e v boc g _ RS 9°0
QOHLIW ¥ILIWOULINIJ INOD
SON S0 T TR SR S SR S B o,

S1S34 Qo1 WI0lL

S1S3L av01 40 HIGWNN

et
g

188



PEOT 1UTOd °POYIDK I93owainssoxg « UOTINQTIAIST(Q Aouenbaig -°80T °*9HI4

.
padanseauw b
Po10Lpaud Qc
0't 6°¢ 0°¢ G 0°1 G0 -0
LI L L . LI B I L UL UL 0
_ | . ! 4
. | |
- P — 10
i T |
I _
|~ | . | - 2°0
i o |
| | _ o
. 4 I ' . o o
—~ | _ _ — £€°0
_ * _ | -
LT
— uesp | Ju0) %06 -1 0
n NVIW /°0 = "4NOJ %06 , N S1S3l avot 1vioL
[2°0 = /9 | SIS3L QY01 40 dIGWN
. -6¢°0 = "AJQ "dlS
[~ . ¢80° L = NVY3INW — —16°0
S1S31 avo1 Oy
- ~ -
vt v b e v be g _ AR I B A 9°0

~
e
f—
B
i
-
;
Feowd
—
han 4
L)
:
fages )
oy
-
By
]
s
eond

(SUSTN 900 S S S



pPeOTT ®PIS °*POYIDN I9IBWRINSSDIAJ °*UOTINGTAISTQ Aduonborj - * 60T *91d

.

paJnseau 4
pa1otpaad J

0'e 0"t G0 0
LI | i _: i ___ ||_I|TL|L
|
o _~ “ N
- 1 _ -
: |
B H _ _
__ _
1 l _ —
! |
L :mmz“ *JU0) %06 -
- NV3IW X 65°0 = “4NOD %06 1 4
: 9¢°0 = /o
- 8€°0 = "A3Q "alS _ |
L£0°1 = NVIW
SNOILYAYISE0 9/1 _
L 1 1 _ Lt 11 _ | S I _ i1 1.1 _ R T N T O

(JOHLIW Y¥I1IWIANSSIYd

L0

¢'0

£°0

v 0

9°0

S$1S3L avol1 WL0L

S1S31 GY01 40 H3GWNN

190



peOT TB3IO] °*POYISOW JAo3IdWLINSSaAJ °*UOTINGTIAISTQ Aousnbaig - *QOTT *9Id

paJ4nseau ()
pa1oipaud D

oy

52 0°2 51 0°1 50 0
LI Ut I B I LI B B B 4 1T 7T 71170
[ -
!
| _ — 10
NS _
AN
l i — 270
- i
IR
| — €0
| |
1]
LI + -1 70
NVIW X LL°0 = "ANOD %06 HESW - TIH0D %06 1 _sisai avor wiot
5270 = 1/0 - SIS3L QY01 40 YIGHN
62° = "A30 "QIS |
611 = NyIW _ - 50
SIS3L Qo1 0€
| _ i
WS NN N K R 9°0

JOHLIW ¥IFLIWFUNSSId

191



0L°0 LT°0 6C°0 80°1 Iutoqd

6570 9¢°0 8€°0 1€0°1 uoI3OTIY

Sueg IL°0 1A 62°0 6L1°1 1®301 19312WlInssa1yd
%L°0 €0 €70 11 jJutog
Y90 ‘ <50 t79°0 9ZC"1 uoT3IoTIY

sueg 69°0 LT°0 8C°0 6£0°1 1B30], I239WOoI]2udd 2u0)H

oseg ebjeQ — *JuO0d %06 -
0O jJusummo) 2OUSPTIUO) Y06  UOTIIBTIABA IO uoT3BIAQ uesK POYIdR
A0 ) JuUDTIOTIIO0)D Jua1213 390D paiepueig

SPOUIPH LdD PuU® IWd 103
$3INnsdy uorjnqrialsiq Aouenbsay jo Liewung -°g7 ATIVIL

192



Foume

.

- vy

1

w

CHAPTER XI - IMPROVING THE STATE OF THE PRACTICE
RESULTS OF INTERVIEW

Within the context of the topic "Behavior of Piles and Pile groups
in Cchesionless Soils," the following series of questions were asked to
Mr. R. A. Hawkins of Raymond Kaiser Engineers:

1. What geotechnical practices need to be improved to obtain better

soil characterization?

2. 1Is a cost analysis such as the omne shown on Figure 111 feasible?

3. Is it cost beneficial to obtain 95 percent or better confidence

in given parameters if construction activity negate benefits of
improved site characterization?

In response to the first question, Mr. Hawkins pointed out several
areas where improvement is needed. The reporting of the site investi-
gation is often incomplete, ohitting ground elevations and water table
information, and not clearly written. 'Considerable license" is taken
in applying the unified soil classification system for visual classifi-
cation. The standardized procedure for the Standard Penetration Test
(SPT) is not always followed and problems associated with caving of the
borehole are not always recognized. All of these factors could be
greatly improved by placing better trained technicians or engineers in
the field for the site investigation. Mr. Hawkins also pointed out
that improved or new equipment such as the SPT energy measuring device,
the cone penetrometer, the pressuremeter and the dilatometer 'promise
to advance the state of the art",

In answer to the second question, Mr., Hawkins commented that 'the
cost evaluation of site investigations is not so clear-cut' as Fig. 111
indicates. It is very easy to look back at a successful project and
decide that less site investigation is necessary. However, the uncer-
tainties in the mind of the designer due to an incomplete site investi-
gation bear directly on his conservatism in design and hence, cost to
the owner. There are many other items affecting the cost of the
foundation much more thaq the site investigation, such as the job

location, size of job, foundation specifications, time schedule, pile
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type and conditions of the site. In general, the site investigation is
more important than its relative cost. On most projects the cost of
the site investigation varies from less than 1 percent to around 5
percent of the final foundation cost. Another area where savings is
possible is with driving criteria for piles. Use of wave equation
analyses can turn each pile log into a valuable penetration record.

According to Mr. Hawkins, the 95% confidence level is clouded by
other factors. The definition of 95% confidence level necessarily
includes the engineers prior knowledge and experience in the area.

Some effects of counstruction activity are beneficial, such as compac-
tion, and some are negétive, such as inadvertant batter and the jetting
of piles. However, Mr. Hawkins concludes that "in spite of the some-
times dramatic changes construction activity can have on site para-
meters, the engineer and contractor must have a clear idea of what was
there to start with". Mr. J.B. Hilton of Raymond Builders added that
the extent of the site investigation is influenced by several factors
including size of the project, settlement criteria, nature of subsur-
face strata, and variability of the site. As a result it is difficult
to make 'blanket generalizatidns which are accurate for all cases'.

In a more general interview, Dr. M. W. 0'Neill of the University of
Houston commented that residual stresses in piles were probably a func-
tion of the mean effective stress (or depth) and soil compressibility
or rigidity. He added that the pressuremeter would be useful to
measure the soil rigidity. Related to the questions mentioned pre-
viously, Dr. O'Neill stated that "there is probably limited benefit to
be gained on a production project by doing highly detailed borings™.
However, he added that more flexible contracts which allow design
changes based on feedback from the pile driving records would be an
area of great cost savings. He félt that a cost evaluation such as
presented in Fig. 111 may be of some benefit to perform for a specific

case, but would be impossible to generalize.
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PRECISION ON THE SOIL PARAMETERS

A statistical analysis of the soil data at the Lock and Dam 26 Ellis
Island site showed that the coefficient of variation is about the same
for the SPT, the CPT and PMT. If it is concluded from the previous
chabter that the CPT and PMT methods lead to a better precision of
ultimate capacity prediction, the difference may be attributed to two
factors: 1. The CPT and PMT are more repeatable from one site to
another than the SPT, 2. The parameters measured during the CPT and PMT
are more related to the ultimate capacity of a pile than the blow
count.

It was shown in Chapter VIII that the relation between the blow
count N and the ultimate point pressure for the pile Qpax 1S noOt
linear. This may be explained as follows.

In very loose sand the SPT blow count is very low, the SPT does not
apply a sufficiently large number of blows to densify the sand and the
blow count is representative of the sand in its undisturbed state. In
very loose sands however, the pile will apply a large number of blows
to the sand, densify it and Upax will be much larger than the Qpax
for the undisturbed loose sand., In very dense sand the number of blows
for both the SPT and the pile are large and a similar soil condition is
created around the split spoon and the pile. These two observations

may explain why the ratio of q___/N is high at low SPT blow counts

max
and low at high SPT blow counts.
The CPT and the PMT on the other hand, measure a soil response under
the same conditions whether the soil is_loose or dense. The cone pene-
trometer provides directly measured Values‘of friction and point resis-
tance. It seems however, that the friction sleeve is too close to the
point to give unquestionable results. A sleeve friction located 18 in.
(46 cm) behind the tip (10 diameters) would probably give more reliable
results. Unlike the SPT, the CPT and PMT do not create a soil condi-

tion similar to the one that exists around the pile after driving

except in the case of the PMT slotted tube technique.
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] The shear wave velocity test did give a lower coefficient of

- variation than all other tests. This test gives a very low strain

shear modulus which may be useful for the initial tangent modulus of
- the hyperbolic model.
~ COST SAVING ASPECTS
- Considering residual stfesses
ij In the past, residual stresses have been ignored in design methods.

As will be shown in the following example, using a design method that
- does consider residual stresses can lead to significant savings.
- Problem 1: Find the length of pile required to sustain a 75 tons

(667.5 kN) working load. The pile is a square 16 in. x 16
- in. (40.6 cm x 40.6 cm) concrete pile.
“ o Solution : SPT profile is constant with N = 25 blows/ft (82 blows/m)
1. Not considering residual stresses
- Not considering residual stresses, the equations for 9pax and
;@ fmax are:
gj ; Qpax = 12.59 NO'41 (tsf)
o and
m £ =0.288 N0 (esp)
bl
Thus
Qp = 12.59 (25)0'41 x 1.78 = 83.9 touns (746 kN)

Qe = 0.288 (25092 £ 1.33 x 4 x L = 3.43 L
- Qr = 75 toms x Factor of Safety = 75 x 3 = 225 tons (2002.5kN)
-
b
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Then the equation for pile length is:
83.9 + 3.43L = 225 which gives L = 41 ft (12.5 m)
2. Considering residual stresses

To consider residual stresses, use Egs. 28 and 30 from Chapter

VIII which are as follows:

Q. = 19.75 8036 (tsf)
£oax = 0.224 N0+ 29 (esf)
These equations give:
Qp = 19.75 (25%3% x 1.78 = 112 tons (997 k)
0y = 0.226 (25)0-26 ¥ 133 x 4 x L =3.03 1
Qr = 225 toms (2002.5 kN)

This yields an equation for the pile length of:
112 + 3.03 L = 225 which gives L = 37.3 ft (11.4 m)
This represents a savings of 9%.

Problem 2: Same as Problem 1 but the working load is now 150 tons

(4005 kN)

1. Considering no residual stresses

The equation for pile length is:

83.9 + 3.43 L = 450 which gives L = 106.7 ft (32.5 m)
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2. Considering residual stesses

‘The equation for pile length is:
112 + 3.03 L = 450 which gives L = 111.6 ft (34.0 m)
The pile must be lengthened about 47%.

The above example points out the potential cost saving of comnsider-
ing residual stresses in design. The consideration of residual stres-
ses in the interpretation of compression load tests on piles driven
through sand into sand leads to higher point loads and lower friction
loads. Very long piles rely essentially on friction to develop the
resistance to load; as a result very long piles driven through sand
into sand will be underdesigned if use is made of design methods that
ignore residual stresées. Very long piles driven through clay into
sand however, will be overdesigned as far as the point load is concern-
ed, if use is made of design methods that ignore residual stresses;
this is based on the assumption that residual stresses play a minor
role in the interpretation of pile load tests in clay. Short piles on
the other hand, rely more on point bearing to develop the resistance to
load than do very long piles; as a result, short piles driven through
sand or clay into sand will generally be overdesigned if use is made of
design methods that ignore residual stresses.

The point at which the reduction in friction load equals the
increase in point load is a function of the pile size and the soil
strength. The larger the pile, the deeper the breakeven point will be.

Also, the stronger the soil, the deeper the breakeven point will be.

Developing an optimum method of design

The errors involved in the prediction of the capacity of a pile
foundation are due to the following factors:

-~ soil heterogeneity.

- precision of soil test.

~ adequacy of soil test.

- precision of design method.

-~ construction activity.
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These factors are discussed one by one in the following paragraphs.

Minimizing the error due to soil heterogeneity while optimizing
costs is related to the minimum number of borings necessary ta obtain a
satisfactory level of confidence on the soil variability at a site. At
Lock and Dam No. 26 there was very little to be gained from performing
more than 6 borings for the selected 400 ft x 200 ft area. Beyond this
number of borings a pile load test would be more benmeficial than added
borings.

The SPT is not a precise soil test. This situation can be improved
by the use of free fall hammers and/or of energy measuring devices at
the top of the rods. The PMT can be a precise soil test if the bore-
hole is performed by drillers who have gathered long experience with
PMT borehole preparation., The PMT can be performed in almost all
soils. The CPT cannot be performed\in all soils, but has the definite
advantage of being a very precise soil test.

The SPT is a test which simulates the driving of the pile (except in
very loose to loose sand as discussed earlier). The CPT is a test
which simulates the loading of the pile. The PMT is a test which gives
information on deformation characteristics. It is suggested that a
combination of those three tests would give an optimum in soil testing
adequacy. The dynamic pressio-penetrometer probe is shown in Fig. 112.

The technology for such a probe has already been developed (3).
The testing sequence would be as follows:

1. Drive the probe to the first testing depth and stop.

2. Push the probe 0.5 in. (1.3 em) at a slow rate of penetration

3. Repeat 1 and 2 at the other testing depths.

The measurements would be the point and friction resistance on the

penetrometer, the radial stress on the pressuremeter and the displace-

" ment at the surface. Recording of the measurements during step 1 would

give valuable information for wave equation analysis. The measurements
at the end of step 1 would give valuable information on residual
stresses. Step 2 measurements would give the data necessary for static
analysis: residual stresses would automatically be included because of
the continuous record of point resistance with the electric cone.

Every so often a pressuremeter test would be performed in order to

200



rEEE
dank

™

2B

.
e

4B

.
-+

2B

4.

18B

108

FIG. 112.- The Dynamic Pressio

201

V7 e 2RSS

/‘ pressuremeter

-

t/,friction sleeve

f——|

Point

Penetrometer (DYPP)



i)

7T

5'"’?"?}
& out
|

Rt |

3

e |

obtain soil deformation characteristics and information for lateral
loads if necessary. The fact that the probe is driven in the soil
would allow to penetrate soils which would otherwise not be penetrated
by a continuous push.

The precision of the design method is influenced by the soilvhetero—
geneity, the precision of the soil test, the adequacy of the soil test.
It is also influenced by the precision of the load tests results
forming the data base for that method and by the adequacy of the design
mechanism which links the measured soil parameter to the sizing of the
pile. This mechanism is based either on theory, empiricism, analogy or
a combination thereof. Theoretical methods rely on the undisturbed
characteristics of the soil and simulate the driving process before
predicting the load-displacement response of the pile. These methods
present ultimately the most sound approach to the problem, and should
be pursued. These methods are presently unsatisfactory however,
because they require the knowledge of too many soil parameters which
are difficult to measure accurately with current technology. Empirical
methods are easy to develop and usually easy to use. Empirical methods
which have the least number of intermediary steps have the least chance
of error. However, methods which use the blow count N to obtain the
relative density Dy to then obtain the friction angle 9, to then

obtain the bearing capacity factor N,, to then obtain the value of

q)

q are accumulating imprecision in each of the steps using

max
empirical correlations. Empirical methods are always questionable

~outside the data base on which they were developed.

Methods based on testing analogy present the best short term payoff
for driven piles in sand. The SPT and CPT are tests which represent a
partial testing analogy with the driven pile. The proposed dynamic
pressio—-penetrometer test represents a nearly complete analogy of the
driven pile and includes all influencing factors.

Construction activities such as inadvertent batter, heave and subse-
quent redriving of adjacent piles, method and order of driving will
influence the accuracy of the pile capacity. It is very difficult to
incorporate in a reliable fashion all those factors in the method of
design. These factors can best be incorporated by making use of the

pile driving records while construction proceeds in order to assess the
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"as built' capacity of the foundation. The wave equation is very

/) useful in this respect, especially if force time input are available

- and if the soil model is available from previous tests with the

] proposed dynamic pressio-penetrometer. As construction progresses, the

"l engineer can evaluate the foundation capacity and may decide to

. decrease (or increase) the number of piles originally planned. This

@Q requires a flexibility in the pile driving contract which is not
presently described in most specifications, but which has already been

-

: used in the offshore environment and has resulted in great savings to

the client. This approach also requires a careful planning of the

- order of driving in a joint effort by the engineer and the contractor.
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CHAPTER XII - SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
SUMMARY AND CONCLUSIONS

The purpose of this study was to advance the state of knowledge on
the behavior of piles and pile groups in cohesionless soils and to make
recommendations for further research in this area. The project was
limited to the study of existing data on instrumented piles, hammer

driven and load tested vertically.

Pile Load Tests Selected

A total of 35 load tests at 10 different sites were selected as a
data base (Table 1). The piles were of various types: steel pipe,
steel H, prestressed concrete or timber. Their diameter averaged 1.29
foot and their length, 49.6 ft. The ultimate vertical load was deter-
mined by three criteria: Davisson's, 0.1 x D and hyperbolic asymptote
(Table 2). ' The average ultimate load for all the piles considered, was
192 toms for Davisson's criterion, 228 tons for the 0.1 x D criterion,
and 264 tons for the hyperbolic asymptote criterion. The maximum load
applied during the tests averaged 222 tons.

Due to a lack of full scale group load teéts in sand, much reliance
has been made on model studies. These studies indicate that group
efficiencies in sand are almost always equal to or greater than one.
This conclusion is verified for driven piles by the full scale pile
group tests available (29).

The only instrumented full scale load test reported in the litera-
ture used partially jetted timber piles (43,44). 1In addition to this
the group was subjected to various preloading conditions which may have
had a drastic effect on the load transfer behavior of the piles. The
side friction for the group piles was significantly lower than the
friction on the single pile and the point loads were much higher. The
large model tests performed by Vesic (40) showed the opposite to this.
On these groups the friction was more than twice the friction on the
single piles and the point loads were approximately equal. These

conflicting results point out the need for carefully performed load
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tests on well instrumented full scale pile groups which include
measurements of residual loads.

A preliminary report on the West Seattle Freeway Bridge Project (35)
gives some measurements of residual point loads on driven piles. The
residual point loads, on 92 ft (28 m) long piles immediately after
driving were about 60 tons (598 kN). Subsequent driving of piles in

the group did not reduce the residual point load on the pile.

Conventional Load Transfer Analysis

Measurement of movements with strain rods and measurement of strains
with strain gages lead to the calculation of loads in the pile at
various depth along the pile. The slope of this discrete profile of
load in the pile leads to values of mobilized friction. This deriva-
tion process introduces great scatter in the friction values which,
cumulated with errors in the measurements, leads to meaningless
friction transfer f-w curves. A curve fitting method on the load
profile would lead to smoother f-w curves but would introduce an
arbitrary massaging of the data. This problem and the overall lack of
sufficient precision in the measurements lead to the choice of an
average analysis (Chapter III) where an average friction value was
calculated for the entire pile shaft. The hyperbolic model fits that
f-w curve very well with most of the friction being mobilized at a pile
movement of 0.15 in. or 1% of the pile diameter. The hyperbolic model
also fits the point pressure transfer q-w curve very well with 50% of
the point resistance being mobilized at a point movement of 0.3 in. or
2% of the pile diameter and 90% of the point resistance being mobilized
at a point movement of 1.5 in. or 10% of the pile diameter. The

equations for these hyperbolic transfer curves are:

f = L
1 w
L TF Tf
t max max
- W
R SR
Kp max ~ Yres
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Residual Stresses: Basic Considerations

The phenomenon of residual stresses in a pile takes place upon
unloading of that pile after either a hammer blow, a compression test,
or a temsion test. A theoretical formulation of this unloading
process, based on the fundamental differential equation, is presented.
The solution indicates the following influence of various factors:

1. The 1onger the pile, the larger the residual point load.

2. The more compressible the pile, the larger the residual point

load.

3. The steeper the unloading slope of the friction transfer curve,

the larger the residual point load.

4. The softer the unloading slope of the point pressure transfer

curve, the larger the residual point load.

It was shown that the distribution of residual loads and residual
stresses in a pile is directly related to distribution of ultimate
loads and ultimate stresses in that pile and that residual loads after
a tension test are not zero but are much smaller than those after a

compression test.

Obtaining Residual Stresses From Load Tests

In conventional load tests the instrumentation is zeroed after the
pile is driven thereby assuming that the pile is stress free before the
start of the test. At least four methods exist to obtain residual
loads from pile load tests. The first one consists of zeroing the
instrumentation before driving and reading the instrumentation after
driving. The three others consist of zeroing the instrumentation after
driving the pile and before performing the compression test and then
making use of various combination of instrumentation readings for the
tension test and for the pile state of stress in the unloaded condition
(Chapter V). .

The results of this residuél stress analysis are summarized in Table
7. These results indicate that the residual point load varies from 11%
to 54% of the true ultimate point load and averages 36%. This means

that on the average the true ultimate point load for those hammer
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driven piles in sand is equal to 1.56 times the ultimate point load
measured in a conventional load test. At the same time the true
ultimate friction load averaged 0.81 times the ultimate frictiom load
measured in a conventional load test.

This residual stress analysis also allowed to calculate the ratio of
the true ultimate friction load in tension over the true ultimate
friction load in compression. It was found (Fig. 28) that for short
piles, tapered piles, and H piles this ratio is less than omne, but that
for straight shaft piles longer than about 50 ft this ratio may be more

than one.

Obtaining Residual Stresses with the Wave Equation

The wave equation was used to predict residual stresses in the pile

after driving. A multiple blow analysis was used together with the

side onint = 0.1 in.,
= 0.05 sec/ft). A minimum of 5 blows with

conventional linear elastic-plastic model (Q
Jpoint = 0.15 sec/ft, J .4,
1000 time steps per blow 1s necessary to obtain valid results. The

residual point load Q es) is obtained by plotting Qp(res) versus time

p(r

steps for all blows and determining the Q ) about which the oscilla-

p(res
tiouns take place.

This method was used on the piles where Qp(res) was measured.

The ratio of Q ) predicted over Q ) measured had a mean of

p(res p(res
1.12 and a coefficient of variation of 0.66.

Load Transfer Analysis by Finite Difference-

Pattern Search Approach

This approach was taken in an effort to develop depth dependent
friction and point transfer curves while minimizing the error made in
the regression analysis. The general differential equation for the
pile-soil system was developed and assumptions were made for the
constitutive models for the pile and the soil. The pile model was
linear elastic. The point soil resistance model and the friction model
were hyperbolic models. For the friction model, the initial slope and
the ultimate friction value were assumed to‘vary as a power law of the

depth. The friction hyperbolic model was cut off at a limiting
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friction value. The residual stresses after driving were assumed to
have a damped sinusoidal distribution with depth. This lead to a total
of nine constants to be determined by‘a best fit regression on the load
test data.

The finite difference method was used to solve the differential
equation together with a powerful pattern search program to find the
best fit values of the nine constants by minimizing in the 9 dimension-
al space the error between the pile loads calculated using the 9
constants models and the measured pile loads. A program was developed
for this method and reasonable answers were obtained (Tables 8, 9, 10).
More work is necessary however, to bring this method to the level of

usefulness that it promises to be.

A New Design Method Considering Residual Stresses

Due to the lack of other soil data at the sites, only the SPT
uncorrected blow count, N, was used in the correslations. The point
residual pressure correlated best with the parameter, LB, a key
parameter in the solution to the governing differential equation. This
parameter is the product of the pile length L by the relative soil pile
stiffness factor, B, (Chapter VII).

= 5.57 LB in tsf

£
i

where

P = perimeter of pile
= cross—sectional area of pile
Ep = modulus of elasticity of the pile

The following correlations were also found

0.36 in tsf

[fa]
{

max = 19:75 (Np¢)

0.247 in tsf

7N
it

5.05 (Nye)
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)0.29 in tsf

Hh
i

0.224 (N

max side

)0'27 in tsf

~
]

. 5.01 (Nside

where and fmax are the true ultimate point pressure and frictiom.

qmax

Qpax is the residual point pressure after driving

s is the initial slope of the hyperbolic q-w curve
KT is the initial slope of the hyperbolic f-w curve

Npt and Nside are the average uncorrected SPT blow count values

in the pile point and pile shaft respectively.

The precision of these correlations can be observed from the
figures of Chapter VIII. These correlations were used to develop a new
design method to predict the entire load settlement curve for the pile.
This method is the first such method based on friction and point trans-
fer curves, which include residual stresses. The equations for the

hyperbolic f-w and q-w curves are:

W
£= 1 + W - fres
K f - £
T max res
w
and Q= 7 p- + U
= +
Kp 9max 7 Yres

. . £
The correlations above are used to find Qpax’ ‘max’ dres’ K. and Kp. The
residual frictiom, f_, ., is found by
A
f = q B
res res A
s
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Predictions by Conventiomal Methods

Conventional methods to predict the ultimate capacity of a driven
pile in sand were used. These were Meyerhof method, API method, Coyle
& Castello method. The results show that on the average the API method
is 10% conservative; Meyerhof method is 37% unconservative, Coyle and
Castello method is 2% conservative. The coefficient of variation for
these methods is approximately 0.45 and the coefficient by which to
multiply the mean predicted ultimate load to obtain a 90% confidence
ultimate load averages 0.3. The detailgd results are shown in Table 17
of Chapter IX.

A method developed by Coyle was also used to predict the load
settlement curve for the pile. This method recommends the use of a
very simple friction transfer and point load transfer curve (Tables 18
and 19) and gave reasonably accurate results for its simplicity (Figs.

54 to 76.

Predictions by the Comne Penetrometer and the Pressuremeter Methods

Three pressuremeter methods and four cone penetrometer methods were
used to predict the ultimate capacity of the piles at the few sites
where PMT and CPT data was available. These methods were:

PMT 1 Menard
Baguelin-Jezequel-Shields
Bustamante-Gianeselli
CPT DeRuiter-Beringen

2

3

1

2 Schmertmann
3 Bustamante-Gianeselli

4 Cone Method

The results are shown in Table 26 of Chapter X.

Pressuremeter data was available at two sites. The Bustamante-
Gianeselli method gave the best predictions with the other two methods
being uncouservative. For the CPT predictions the Bustamante-
Gianeselli method again gave‘the best results with a ratio of predicted

total load over measured total load which averaged 1.06. The averages

for the other methods are: DeRuiter-Beringen, 0.73; Schmertmann, 0.93;
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Cone, 1.20. These methods however, underestimated friction and over-
estimated point load by a factor of about 2, whereas the Bustamante-
Gianeselli method averaged 1.23 and 1.32 ratios for predicted overmea-
sured point and side load respectively.

Three pressuremeter methods and one cone penetrometer method were
used to predict the load-settlement curve for the piles. These methods
where PMT 1 Menard-Gambin

2 Baguelin-Jezequel-Shields/
Baguelin-Frank-Jezequel
3 Bustamante-Gianeselli/
Frank-Zhao
CPT 1 Verbrugge
The CPT Verbrugge method gave good predictions of the load settlement
curve. The closest PMT predictions were obtained with Bustamante

methods.

Improving the State of the Practice

An optimum method of design is one that minimizes in a cost effec-
tive fashion. The behavior prediction errors due to soil heterogene-
ity, precision of the soil test, adequacy of the soil test, precision
of the design method and construction activity. There is an optimum
number of boring to characterize soil variability at a site. At Lock
and Dam No. 26, this number was 6 borings for a 400 x 200 ft (122 m x
61 m) area. Beyond this number a pile load test would be more bene-
ficial than added borings.

An analysis at Lock and Dam 26 site shows that at a given site the

precision on the soil parameters measured with the SPT, PMT and CPT is
approximately the same and that only the cross-hole shear wave velocity
shear modulus shows an increased precision. However, the repeatability
of the tests from one site to another and from one operator to another
is not included in the above analysis and it is argued that the rating
of repeatability of these tests would be; 1. Cross-hole shear wave
velocity and come penetrometer, 2. Pressuremeter, 3. Standard Pene-
tration Test. Other factors not included in the above analysis and
important to consider before choosing one test over another are whether

the soil parameter measured is representative of the phenomenon to be
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predicted, whether the test is cost effective and whether the test can
be performed in all soil conditions.

It appears that the CPT is the more precise and repeatable test and
offers the best potential for improved ultimate capacity predictions.
Design methods based on testing analogy have the best potential for
short term success for driven piles in sands. Therefore, a dynamic
Pressio Penetrometer (DYPP) Test which would simulate the driving and
then the loading of the pile, is proposed.

Residual stresses play an important role in pile design and must be
considered in any future design method. The influence of comstruction
activities and other uncertainties can best be incorporated by making
use of the pile driving records while construction proceeds in order to
assess the "as built' capacity of the foundation. This in turn may

provide significant savings to the client.
RECOMMENDATIONS FOR FURTHER RESEARCH

Residual stresses play an important role in the behavior of driven
piles in sands and appear to lead to shorter onshore pile lengths when
they are properly considered. At the same time the current data base
on precisely and reliably instrumented driven piles in sand is
extremely weak. Therefore there is a need to perform full scale load
tests on piles instrumented in such a way that residual stresses can be
determined accurately. In this respect, more pile behavior case
histories such as the West Seattle Freeway Bridge project must be
encouraged. There is need at the same time for continuing to develop
the theoretical analyses of the residual stress phenomenon such as the
wave equation analysis.

For the immediate future, the method of design by analogy is the
most promising method to predict the behavior of driven piles in sand.
While awaiting the further development of theoretical methods, and
because the SPT is not at present a sufficiently repeatable test, it is
recommended to develop a dynamic pressio-penetrometer test which would
be driven in place to simuiate the driving of the pile and then pushed
to record the load transfer characteristics of the sand. It would be

driven and pushed in place by conventional drilling rigs.
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More precise use of the pile driving and redriving records should be
o~ made to evaluéte the "as built" capacity of the foundation while the
. piles are driven. There is evidence to show that flexibility in the
. pile driving contract, well planned order of driving, together with a

b close on site cooperation between the geotechnical engineer and the
'+ pile driving contractor, can lead to significant savings to the
ff client.

»

The data on residual stresses in groups of piles is inexistent with
f: the exception of the ongoing West Seattle Bridge project. There is a
" need to investigate whether residual stresses are released or if
~ additional residual stresses are locked in during the driving of

5
.

additional piles. No full scale test on groups of driven piles loaded

to failure and sufficiently instrumented to determine the evolution of

bl residual stresses exists.
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